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ABSTRACT 


This report describes Phase I design of a telemetry system for use 
in making strain and temperature measurements on the rotating components 
of high speed turbomachines. The system described here represents a new 
systems approach, employing phase-locked transmitters, which offers greater 
measurement channel capacity and reliability than existing systems -- which 
all employ L-C carrier oscillators. A prototype transmitter module was 
tested at 175°C combined with 40,000 g's acceleration. 
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SUMMARY 


This report details Phase I design work performed by Acurex- 
Autodata under contract from NASA Lewis Research Center. The goal of this 
program is to develop an improved rotating telemetry system for strain and 
temperature measurements on the rotating components of operating gas 
turbine engines. Although such rotating telemetry systems have been in 
use for nearly 10 years, a recent study, sponsored by the Air Force Aero 
Propulsion Laboratory, identified propulsion industry requirements for 
several improvements in these systems. These desired improvements are 
listed {in approximate order of importance): 

• An increase in the capacity for simultaneous dynamic strain 
measurements from the present 40 channels to 100 channels 
t An increase in the maximum transmitter ambient temperature from 
+125°C (present) to +175°C 

0 Addition of capability for static strain measurements 
Furthermore, it was desired to standardize the transmitter package 
design and take advantage of developments in microelectronic circuitry in 
order to improve performance and reliability. 

Acurex had {previous to contract initiation) conceived of a system 
to meet these requirements and applied for a patent. This patent was 
subsequently granted {U.S. pat. no. 4,011,551). The system employs a 
number of independent transmitters, each phase- locked to a 200 kHz 
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inductively coupled clock signal which is also rectified and regulated to 
provide power for the transmitters and transducers. 

The work performed under this, Phase I, program has included: 

• Systems analysis of the "communications link" (channel carrier 
spacing, crosstalk, signal-to-noise ratio, etc.) 

• Design and testing of typical antenna systems 

• Circuit design and breadboard testing of: 

— Two alternate receivers 

-- Three alternate static strain modulators 
— A phase-locked FM transmitter 

• Transmitter package design including development of fabrication 
techniques and component selection for operation at up to 
175°C and 50,000 g's centrifugal force 

t Fabrication of a prototype transmitter and testing at 
combined with 40,000 g's 

The prototype transmitter was tested incomplete because of outside 
delays in obtaining a monolythic integrated circuit f requency-synthesizer. 

The overall results of the program were quite successful. All 
analyses and tests validated the basic phase-locked concept and 
demonstrated performance in excess of minimum requirements. 

Phase II of the program is scheduled to result in completion of the 
detailed design and the fabrication and testing of a small prototype 
system. 
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SECTION 1 


INTRODUCTION 

This report describes phase I of the rotary instrumentation system 
development. 

The developments include: 

« System design 

• Transmitter circuit design 

• Receiver circuit design 

• Transmitter packaging design for high accelerations and 
temperature 

• Construction and testing of a prototype transmitter m dule 
Results from Air Force Contract F33615-75-C-2055 (which was a study of 
industry and government requirements, and of high temperature circuitry 
feasibility) have contributed to this design. 

1.1 OBJECTIVE 

The Air Force sponsored study contract F33615-75-C-2055 identified 
increased channel capacity for simultaneous dynamic strain data as a 
primary objective. Present systems are limited to a maximum of 40 
diannels. Government and industry requirements in the next decade are for 
up to 120 channels. 

Other objectives included increased transmitter operating temperatures, 
the addition of static strain capability, improved reliability, and modularity 



of design. Finally, enhanced ease of operation was desirable so that 
existing test personnel would be able to cope with the tasks of monitoring 
the greatly increased number of measurement channels. 

Performance goals for the system are given in Table 1-1. This 
table accounts for error sources such as internal wire, resolution, common 
mode rejection, zero drift, input impedance, excitation voltage stability, 
and channel crosstalk (including crosstalk during conditions of extreme 
transducer signals such as intermittance of strain gages). Additional 
error sources, also accounted for, include effects of ambient temperature, 
centrifugal force, vibration, and eccentricity in mounting. 

1.2 SYSTFM CUNCCPT 

As with previous rotating instrumentation systems, this system 
consists of two subsystems (See Figure 1-1): 

1. Rotating Subsystem 

Shaft-mounted electronics which interface with the transducers 
(strain gages, thermocouples or pressure transducers) and 
encode their signals onto carriers and/or subcarriers for 
transmission to a stationary subsystem. 

2. Stationary Subsystem 

Receivers and demodulators whicti decode the signals from the 
rotating system and restore them to amplified analogs of the 
original transducer outputs 

Tfie stationary system also includes a 200 kHz power supply whicti 
couples power inductively (without physical contact) to the electronics of 
the rotating system. 

The must important difference between this new systein, and previous 
systems is that the inductively coupled power is also employed as a 



TABLE 1-1. TABLE OF PERFORMANCE GOALS 


Characteristic 


Strain or Pressure 

Temperature 

Limit 

Dynamic 

Static 

Accuracy 

Minimum 
Design Goal 

+5% 

+ 2‘,: 

± 2 % 
+ ]% 

jp.5% 

Frequency Range 

— 

10 Hz - 30 kHz 

0 - 500 Hz 

0 - 25 Hz 

Most Sensitive Full- 
Scale Range 

— 

SOOp strain 

500u strain 

20 mV 

Phase Correlation 
(Channel -to-Channel ) 

Minimum 
Design Goal 

+10''^ 

(to 3Q kHz) 
+5^' 

(to 30 kHz) 

+10^ 

(to 500 Hz) 
+10^'" 

(to^OO Hz) 


Ambient Temperature 
Range 

Minimum 
Design Goa', 

T 

0“C - 150^C 
O^C - ITS'^C 


Centrifugal Force 
Limit 

Minimum 
Design Goal 
J 

40.000 g's 

50.000 g's 
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Figure 1-1. System block diagram. 



reference clock to synchronize the carrier frequency of each transmitter. 
Furthermore this same 200 kHz signal Is employed as a reference to the 
receivers of the stationary system. 

This permits precise digital tuning by merely selecting the desired 
channel number on the receiver. 

1.2.1 Rotating Electronics 

The system Includes three basic types of transmitter modules: 

• Module A -- Dynamic strain transmitter 

• Module B — Static strain transmitter 

• Module C — Temperature transmitter containing six 
time-division multiplexed thermocouple channels 

The physical locations of the modules In relation to the engine 
shaft and the capacitive antenna tracks Is shown In Figure 1-2. In this 
example there are four layers of modules. Each layer may consist of up to 
24 RF channels and Is sensed a small distance away by a narrow conducting 
circular strip which acts as an antenna track. The four tracks are 
mounted on a stationary Insulated disc with a grounded plane on Its 
opposite side. In addition* grounded guard bands are placed between the 
tracks In order to reduce crosstalk. Further reduction of crosstalk 
between adjacent tracks Is achieved by alternating the tracks with odd- 
and even-numbered channels. The channel frequency allocations are shown 
In Table 1-2. 

Each channel carrier Is ft^quency modulated with a nominal 
frequency deviation of ^75 kHz. The modulating frequency band ranges from 
20 Hz to 40 kHz. 
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CHANNEL NUfIBER AND MODULE LOCATION 



Figure 1-2. Module locations. 




TABLE 1-2. 



CARRIER 

CHANNEL 

FREQUENCY 

NUMBER 

(MHz) 

1 

10.4 

2 

10.6 

3 

10.8 

t 

1 

t 

1 

51 

20.4 

52 

20.6 


1.2.2 Stationary Electronics 

Referring to Figure 1-1, note that each group of up to 24 dynamic 
strain receivers is preceded by a bandpass filter (BPl). Bandwidth and 
group delay characteristics should be such that the fundamental frequency 
components of all incoming frequency-modulated carriers are passed 
virtually distortion free. 

Its purpose is twofold: 

• Prevention of receiver input saturation due to crosstalk from 
the inductive power system 

• Reduction of the receiver image frequency response due to 
transmitter carrier harmonics 
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Each receiver frequency is digitally programmable. Any of its 
outputs may be selected for either dynamic strain, static strain or 
temperature measurements. 

For dynamic strain, which employs direct frequency modulation, the 
outputs of the receivers are ready-to-use analogs of the original strain 
gage signals. 

For static strain or temperature the D.C. data is encoded onto a 
6 kHz subcarrier and additional signal processing is performed by static 
strain or temperature demodulating cards which restore the signals to 
analogs of the original sensor signals. These demodulator cards are 
plugged-in (when required) to the receiver. The receiver chassis is 
19 inches wide, rack-mountable, and accepts up to 12 plug-in cards which 
may be receivers, demodulators or mixes of each. 
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SECTION 2 


ROTARY ELECTRONICS 


INTRODUCTION 

In this section the following modules will be discussed: 

• Module A — Dynamic strain transmitter 

• Module B — Static strain transmitter 

• Module C — Temperature transmitter 
MODULE A - DYNAMIC STRAIN TRANSMITTER 
Referring to Figure 2-1 and 2-2, Module A contains: 

t An isolated, regulated DC power supply, operating from the 
200 kHz induced power. The isolation permits accurate 
measurements on grounded strain gages 

• An AC coupled amplifier for amplifying low level dynamic strain 
signals 

The 3 db frequency response of each basic AC transmitter, 
when used alone is 10 Hz to 40 kHz 
t A synchronized FM transmitter, responding to the AC amplifier, 
driving a capacitively coupled antenna 
t A 40 kHz self-test signal injection circuit 
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Figure 2-1. Block diagram of Module A (Dynamic strain transmitter) . 
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Figure 2-2. Basic data link (shown for dynamic strain using a single active gage). 




• An open gage detection circuit. The strain amplifier Is 
designed to bias Itself Into saturation If the strain gage 
circuit becomes open. This cuts off transmission of the 40 kHz 
self-test signal and permits positive differentiation between 
open and “quiet" gages. 

The FM transmitter Incorporates a phase-lock circuit which 
maintains its center frequency at a digitally preset multiple of the 
induced power frequency. 

It was planned to employ a new RCA cIrcular-CMOS integrated circuit 
frequency sysnthesizer to Implement this phase-locked transmitter in the 
final product. However development delays at RCA combined with market 
changes eventually caused the cancellation of this I.C. development. 

A new I.C., employing an RCA, Silicon-on-Saphire (SOS) universal 
gate array Is currently on order and will be tested during Phase II of the 
telemetry program. 

Schematic and test results of an Initial breadboard design are 
shown In Figures 2-3(a) to 2-3(d). A schematic of the dynamic strain 
transmitter is included in Appendix K. 

2.3 MODULE B - STATIC STRAIN TRANSMITTER 

Referring to Figure 2-4, the static strain transmitter operates as 
follows. 

First, a differential chopper converts the static strain signal 
(DC-500Hz) to an amplitude modulated square wave of 3.125 kHz. 
Additionally, a 6.25 kHz calibration signal of amplitude equal to 
approximately 30 percent of the full-scale strain signal is superimposed. 
Next, these signals are transmitted by an AC FM transmitter which is 
identical to Module A. 


12 







kllz 



14 


Figun 






20 Hz - Sine Wave 


2 KHz - Square Wave 



2 KHz - Sine Wave 2 KHz - Triangular 
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20 Kflz - Sine Wave 


Figure 2-3 (c ) . 

Oscilloscope photos ot actual ('eceived 
signals from "Breadboard" phase-locked 
transmitter-receiver link. 
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riyure 2- 3(d). Spectral analysis of multiple frequency 
‘■fittings of phase-locked transmitter. 
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Figure 2-4. Static strain transmitter. 




2.4 MODULE C - TEMPERATURE TRANSMITTER 


This module, when used In conjunction with Module A, provides six 
channels of temperature measurement. 

Referring to Figure 2-5, it consists of an analog scanner which 
sequentially selects 10 separate voltage levels for transmission. Six of 
the levels are thermocouple outputs. The remaining levels are 
synchronization, zero, a calibration voltage and a voltage proportional to 
the module's internal temperature which is used to derive information for 
automatic cold junction compensation. In order to provide isolation 
between the channels both the positive and the negative thermocouple leads 
are switched by the scanner. Each channel is scanned once every 2 
milliseconds, which provides a frequency response of DC to 25 Hz for each 
channel. 

2.5 TRANSMITTER PACKAGE DESIGN 

Prior experience with Acurex model 218H, 218Q and 215H transmitters 
had indicated that hybrid microelectronic circuit fabrication methods were 
suitable for operation in gas turbine engines. Additional studies under 
Air Force contract number F33615-75-C-2055 probed the feasibility of 
operating hybrid circuits at temperatures up to 175®C. This study 
showed 175® operation to be feasible but identified reliability as a 
significant problem for any type of circuitry at high temperature. 

When considering the various circuit construction techniques 
available today, hybrids coi." 'uue to be the choice for the gas turbine 
environment. Perhaps in the future these hybrids may be simplified by 
greater application of monolithic I.C.'s. But considering the limitations 
of the monolithic process (such as capacitor size) it is unlikely that the 
hybrids will be totally replaced. 
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Figure 2-5. Six-channel theraocouple multiplexer/nodulator. 




The package design of the new transmitter module marks the first 
case of a design tailored to contain a hyb>*id circuit. (Note that earlier 
hybrid transmitter modules were adaptations of existing non-hybrid 
form-factors.) The hybrid substrate is of a relatively thin, flat 
configuration. Thus a flat package houses it most efficiently. 

The packaging scheme is illustrated in Figure 2-6 which shows a 
group of transmitters mounted in an engine. Drawings E25506 and E25507 
(see Appendix K) show details of the package design. It consists of a 
shallow metal cavity which houses two hybrid substrates. A support wall 
in the central area is necessary to reduce stress in the bottom at high 
centrifugal force (up to 50,000 g's). Some of the sidewalls of the 
package are drilled to receive feedthrough terminals which connect the 
circuit to the external transducers, power coil, antenna, and carrier 
frequency programming jumpers. 

Normally these feedthrough terminals would be set in fuzed glass or 
brazed ceramic sleeves, however, cast epozy sleeves were developed for 
this application for several reasons: 

1. Stress analysis indicated that heat-treated steel was 
essential. The thermal processes of glass or ceramic sealing 
and heat-treating are incompatible. 

2. Stress analysis indicated that elastic deformation of the metal 
sidewalls (under high centrifugal loads) would be likely to 
crack a brittle (glass or ceramic) seal and cause a leak 

The epoxy sealing process is performed at 165*^C and does not 
interfere with the (prior) heat-treating of the steel. Furthermore the 
epoxy seal is relatively elastic and less likely to crack under high g's. 
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Although an epoxy seal is not truly hermetic, epoxy lid-seals have 
proven to be acceptable in other Acurex transmitters which operate in the 
gas turbine environment. 

Pin sealing was performed by temporarily supporting the pin in the 
center of the hole with a sleeve of glass filled Teflon (Fluorocarbon 
Corp. "Fluorogold”) which extended about halfway into the hole. Epoxy was 
then applied around the pin and heat cured. After cure the Teflon sleeve 
was extracted and a second application of epo)v filled the remaining 
portion of the hole. 

Two general families of epoxies were treated for this purpose: 

1. High Adhesion Epoxy 

D6EBA resin prereacted with 12 percent CTBN (nitrile rubber) 
and cured with dicyandi amide. Small amounts of accelerator 
were also included, to improve high temperature strength rather 
than to speed up the cure. Also various fillers were tested to 
enhance high tanperature strength. 

All seals made with these materials developed small cracks 
after the hot spin test (40,000 g's and 175®C for 2 hours). 
Soldering (to the pins) was also tried with good results. 

2. High Temperature — Low Adhesion Epo)o^ 

DGEBA resin prereacted with 12 percent CTBN and cured with 50 
PHR FMDA (pyromellitic dianhydride). This results in an 
extremenly hard and temperature resistant cured epoxy, but of 
relatively low adhesion (as compared to the previous family). 

All seals made with this material successfully passed the 
hot spin and soldering tests and thus this material was 
employed in the prototype module and subsequently passed 
additional hot spin and solder testing. 
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Despite the Initial successful results with this material Acurex 


still has some reservations about its ability to withstand repeated abuse 
and soldering and thus further testing and development may be conducted 
during phase II of this development program. 

Appendix F provides details of the stress analysis on this package. 
2.5.1 Prototype Module Fabrication and Test 

The prototype module was fabricated without the phase-locked VCO 
due to inavailability of the RCA frequency synthesizer I.C. Figure 2-7 is 
a photograph of the completed module. 

The following environmental tests were conducted. 


Spin Test Schedule 


Step 

Temperature 

G's 

Duration 

1 

20°C 

40,000 

1 hr 

2 

120°C 

40,000 

1 hr 

3 

150°C 

40,000 

1 hr 

4 

175°C 

40,000 

1 hr 

- 5 

o 

o 

40,000 

4 hrs 


Module performance recorded after each step was as follows: 


Dynamic Strain Module Spin Test Data 



DC Supply 

Self Test 

Ampl 

ifier Response I 

Step 

Voltage 

Signal Output 

Gain 

Stability 

f|^(-3db) 

(-3db) 

1 

+ 10.010 

0.727 vrms 

1 

15 Hz 

32 kHz 

2 

+ 10.016 

0.881 vrms 

-0.4% 

15 Hz 

32 kHz 

3 

+ 10.013 

0.838 vrms 

-0.272% 

15 Hz 

32 kHz 

4 

+ 10.013 

0.762 vrms 

-0.272% 

15 Hz 

32 kHz 

5 

-- 

— 

— 

-- 

-- 
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Figure 2-7(b). Interior view of module. 





During step 5 the modules' voltage regulator I.C. { A723) lost Its 
internal reference voltage. Subsequent visual inspection revealed that a 
microscopic (foreign) metal particle had penetrated the device's 
protective coating and shorted two conductor traces together. The 
transmitter cover was not sealed during these tests thus this type of 
failure was not deemed to be characteristic of the overall design and thus 
the test was judged to be successful. The mechanical integrity of the 
module was excellent throughout the entire test. Specifically the 
components, component attachments, wire bonds and feedthrough seals were 
not visibly affected by the environmental stress. 

After replacement of the A723 voltage regulator, an operational 
amplifier (CA3130) was discovered to be electrically bad. It is not known 
if this failure occurred during step 5 testing or during subsequent rework 
handling. However a group of ten CA3130's were subsequently subjected to 
extensive testing, including 144 hours burn-in at 175°C, with no 
failures. 

2.5.2 Screening of electronic components for improved operation at 

175°C in hybrid microelectronic circuits 

Assuming that a certain type of component has been determined to be 
capable of functioning satisfactorily at 175°C and thus designed into a 
transmitter circuit, a problem remains regarding how to screen these 
components for use in production assemblies. With conventional "discrete" 
circuit assemblies, burn-in (active aging at elevated temperature) has 
been proven to be the most effective screening method. Unfortunately 
burn-in is not possible with chip components which are used in hybrid 
microelectronic circuit assemblies. This is because there is no 
satisfactory method of applying voltages to the chips during aging. 
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Many manufacturers of hybrid circuits assemble un-screened chip 
components onto the circuit substrates prior to performing any tests. If 
a defective component is discovered at this stage it can be replaced, or 
(rarely) the entire substrate can be discarded. 

Other manufacturers test selected critical components by making 
temporary electronic contact with delicate probes. While probing systems 
are the industry standard for testing groups of semiconductor devices in 
wafer form (prior to scribing), their use on individual chips is far more 
tedious and thus limited. Some people even recommend against the testing 
of individual chips because this represents a second probing of the 
delicate aluminum pads (the first probing was performed while the chips 
were joined together in the wafer) which could cause mechanical 
degradation. These people sometimes test chips on a lot sample basis only. 

Others have developed the art of probing the delicate pads with 
extreme care and find it worthwhile to perform 100 percent testing on 
chips. The most notable hybrid manufacturer doing this is Teledyne 
Microelectronics in Culver City, California. Their large volume of 1 
million chips per week has permitted them to develop the chip probing 
process to a fine art. However, although they are willing to test chips 
for other manufacturers (such as Acurex) their present methods are limited 
to 125°C. Also, the cost of setting up screening programs would have to 
be borne by a relatively small number of devices. 

The cost of testing and screening electronic components can easily 
add orders of magnitude to the component's base price (with standard 
testing). At present the economics of rotary instrumentation programs can 
not justify these high added costs. Also the relatively small production 
volume of these rotary instrumentation systems further hinders the 
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development of optimal screening methods. Acurex has tried to Induce 
semiconductor manufacturers to perform special high temperature screens 
during wafer probing but when they learn that the quantities required 
represent less than 0.01 percent of their annual volume they suddenly 
become very uninterested. 

At the present time Acurex employs a variety of screening methods 
for chips used In hybrid circuits. These methods Include: 

1. Rigid 100 percent visual Inspection 

2. Lot sample testing 

3. One hundred percent probe testing on critical or problem 
components 

4. Special acceptance criteria during the manufacturer's wafer 
probe-test (or final test for components other than 
semiconductors) 

(In addition to these component tests, assembled circuits are 
burned-in. ) 

Test 3 (chip probe-tests) offers an opportunity for further 
development tailored to high temperature screening. For example chips 
might be probed at extreme temperatures (200 - 300°C) and voltages well 
in excess of normal. This test, nicknamed the "zap test", would be an 
attempt at condensing the time of a burn-in (normally 168 hours) down to a 
few seconds (or minutes). However, it is beyond the scope of this present 
Instrumentation development program to pioneer such new testing 
technologies which would require costly large samples and subsequent life 
testing to establish meaningful evidence of their value. 
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SECTION 3 


STATIONARY ELECTRONICS 


3.1 INTRODUCTION 

The units to be discussed are: 

• Dynamic strain receiver 

• Static strain signal conditioner 

• Temperature signal conditioner 

Tentative performance specifications for the receiver will be given. 

3.2 DYNAMIC STRAIN RECEIVER 

A study of several receiver types indicated that the 
frequency-synthesized superheterodyne and the tracking phase-locked 
receivers are the most likely candidates. Both have advantages and 
disadvantages. Briefly, the superheterodyne receiver requires less 
circuitry but high quality passive filters. On the other hand, the 
tracking phase-locked receiver utilizes simple filters but a fairly large 
OTOunt of digital circuitry. It is estimated that the cost of either 
system is about the same, although the power consumption of the tracking 
phase- locked receiver may be somewhat higher. Further details will be 
discussed in the next sections. 

3.2.1 Performance Specifications 

Tentative dynamic strain receiver performance specifications are 
shown in Tables 3-1 and 3-2. Whereas the monitor output contains strain 
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TABLE 3-1. RECEIVER INPUT SPECIFICATIONS 


Channel 

Input 

Number of channels 
Adjacent channel spacing 
Carrier frequency range 
Single carrier rms level 
Combined carrier peak level 
Type of modulation 
Frequency deviation 
Audio frequency range 

52 

0.2 MHz 

10.4 MHz to 20.6 MHz 
0.1 mV to 10 mV 
400 mV maximum 
Frequency 
+ 75 kHz nominal 
UC - 50 kHz 

m 

Number of channel select line 
Type of code 

2x4 

2 — digit comple- 
ment of 9's comple- 
ment 


TABLE 3-2. RECEIVER OUTPUT SPECIFICATIONS 


Analog 

Outputs 

Signal to noise ratio (20 Hz to 50 kHz) 
Harmonic distortion 
Voltage level stability 
Output peak voltage 

>40 dB 
<1 percent 
+1 percent 
+2V 

Composite 

Output 

Frequency range 

DC - 40 kHz (-3 dB) 

Mon i tor 
Output 

Frequency range 

DC - 20 kHz (-3 dB) 

IlM 

Carrier strength indicator: yields an "INVALID DATA" output 
when the desired rms carrier level drops below 0.1 mV 


Gage failure indicator: yields an "INVALID DATA" output for 
open gages 


Level detection of a 40 kHz self-test signal is used for this 
purpose 

— - 1 — 


Note: At the time this report was prepared, minor changes of 
specifications are expected to occur. 
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data only, the composite output contains also the 40 kHz self-test 
signal. It is intended that the monitor output be used for visual 
monitoring only and that the composite output be recorded for analysis 
after the test. Thus the 40 kHz test signal is also recorded and 
available for post-test verification of gage continuity and transmitter 
integrity. 

3.2.2 Th eoretical Considerations 

Tn relation to the reception of phase or frequency modulated RF 
carriers, theoretical consideration has been given to the following topics: 
t Signal-to-noise (S/N) ratios of phase modulation (PM) versus 
frequency modulation (FM) (Appendix C) 
f Transmission bandwidth (Appendix A) 

• Adjacent channel interference (Appendix B) 

• Common channel interference (Appenidix B) 

Referring to Figure 3-1, it is assumed that the carriers on a given 
antenna track are separated by 0.4 MHz and that f^ and fp represent 
the desired and the undesired channel frequencies, respectively. 

Furthermore we define: 
f, =V(2>,) 

fp =«-p/(2>r) 

fp = uj^/(2n) = half of the receiver bandwidth 
Af = Aw/(2it) = adjacent channel frequency difference 
Af = Ao) /(2 ti) = frequency deviation of f 

Af = Aw /(2ir) = frequency deviation of f 

r K r 

Fc = iip/(2ir) = modulating frequency of f^ 

Fp = iip/(2Ti) » modulating frequency of fp 

3^ = ^fj./^c * niodulation index of f^. 
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3p * fp/Pp • modulation Index of fp 
Fy » aq,^(2tt) = receiver audio bandwidth 



Figure 3-1. RF Spectrum 


3. 2. 2.1 $/N Ratios of PM Versus FM 

It has been shown In Appendix C that when the receiver input 
consists of an angle modulated carrier and white noise of constant 
spectral density, the S/N ratio of PM is higher than the S/N ratio of FM 
without frequency deemphasis of the receiver (and emphasis at the 
transmitter). With deemphasis, however, there exists a value of the 
modulating (audio) frequency beyond which FM yields an improvement over 
PM. This value is determined by the total audio bandwidth and by the 
roll-off frequency of the deemphasis network. FM has been selected over 
PM due to its simpler implementation and proven performance in these 
systems. 
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3.2. ?. 2 Transmission Bandwidth 

It mAy be shoi«n that when an RF carrier Is frequency modulated with 
a single sinusoidal signal, an Infinite array of side bands are 
generated. Since the actual bandwidth must be finite. It Is evident that 
harmonic distortion of the modulating signal Is Introduced. 

The mathematical determination of this distortion is a complex 
affair and has not been attempted here. Instead, we utilize an empirical 
formula known as Car;»on's rule In which case the half bandwidth Is given 
by: 

fhi: + Af 

t) — c c 

For F^ « 30 kHz and Af, * 75 kHz, we find f. > 105 kHz. 
c c 0 — 

This bandwidth is normally used for high sjallty FM broadcast receivers. 

3. 2. 2. 3 Adjacent Channel Interference 

Referring to Figure 3-1, let the receiver be tuned to f^ and 

consider the Interference of the side bands of f with the side bands of 

P 

f,. It is assumed that f Is modulated with a very low audio 
c c 

frequency so that virtually all side bands of f are contained within a 

bandwidth which is equal to twice the frequency deviation of f . 

With and F^ being the modulating (audio) frequencies, the 

signal-to-noise ratio is defined by: 

RMS audio voltage output due to Fr 

S/N I 

RMS noise voltage output due to Fp | Fc*— **0 

It is shown in Appendix B that with equal carrier amplitudes, 400 

kHz channel separation, +75 kHz frequency deviations and a receiver audio 

frequency range of DC - 40 kHz, the S/N ratios amount to 1000 db with 

Fp » 20 Hz and 146 db with Fp « 30 kHz. 

Hence, adjacent channel interference may be neglected. 
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It should be realized that the above results are valid for an ideal 
discriminator only. Assuming, however, that the discriminator saturates 
beyond a maximum frequency deviation of +75 kHz, it is evident that the 
adjacent carriers located at + 400 kHz will cause distortion. Requiring 
that the discrimi 'ator output voltage at 400 kHz amounts to less than one 
percent of the voltage at 75 kHz, it is found from Appendix B that a 
bandpass filter is required with an attenuation of more than 50 dB at 800 
kHz bandwidth 

3. 2. 2. 4 Cor.;.on Ch annel Interference 

Presently, the undesired (fp) and desired (f^) carrier 
frequencies are assumed to be equal. We distinguish two cases, e.g.. 

Case I: Desired carrier modulated and undesired carrier unmodulated, and 

Case II: Desired carrier unmodulated and undesired carrier modulated. 

The analysis assumes that in either case the modulating signals are 
sinusoidal and that the frequency deviation is + 75 kHz. 

Case I 

This case is the most important of the two since it enables us to 
study the capture effect of an FM receiver. Let us suppose that the 
desired carrier amplitude and its modulating signal is held constant and 
that the undesired carrier amplitude is increased from zero to a value 
which is less than but near to the value of the desired carrier 
amplitude. Let us also suppose that the receiver is ideal, i.e., it 
possesses an infinite RF bandwidth and a linear frequency discriminator of 
unrestricted dynamic range. 

It is then found that the audio output consists of two components. 
The first component consists of the modulating sinewave. It is essential 
to note that its amplitude remains constant. The second component 
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consists of a beat frequency whose amplitude increases. The beat 
frequency depends on both the modulation index and the modulating 
frequency. Since the average value of the beat frequency is zero and the 
beat frequency is usually higher than the modulating frequency, it can be 
removed by lowpass filtering. 

This way, the receiver has "captured" the stronger carrier and 
ignores the weaker carrier. Let us now assume that the discriminator 
saturates beyond a certain signal level and that the beat frequency peaks 
are being clipped beyond this level. The results are that the average 
value of the beat frequency is no longer zero and that the amplitude of 
the modulating sine wave is reduced by this. 

In order to obtain a measure for the capture ability of the 
receiver, let us define the capture ratio as A/B where A is the desired 
carrier amplitude and B is the undesired carrier amplitude at which the 
modulating signal reduces by 1 percent. 

In view of the above it can be concluded that the desired small 
capture ratios can be achieved by: 

• Large receiver bandwidth and linear phase response 

• Large discriminator bandwidth with good linearity 

Further details can be found in Appendix B. 

Case II 

In this case we consider the maximum allowable crosstalk that can 
exist between two adjacent antenna tracks operating at the same carrier 
frequency. It is assumed that only the undesired carrier is modulated. 
Let D and U represent the amplitudes of the desired and undesired 
carriers, respectively. Using a sinusoidal modulating signal, the signal 
to-noise ratio will be defined as S/N where S and N are the peak audio 
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voltage values at the receiver output with the presence of U and D + U, 
respectively. Using the standard receiver (Acurex Model 149 with 30 kHz 
cut-off frequency) and 100 Hz modulating frequency, the measured S/N 
values as a function of the modulating frequency deviation are given in 
Table 3-3. 

TABLE 3-3. CROSSTALK EFFECTS 


Frequency 

Deviation 

(kHz) 

Audio Output 
S/N 

R.F. Input 
D/U 

+ 75 

20:1 

10:1 

~ 50 

10:1 

10:1 

25 

7.5:1 

10:1 

lu 

6:1 

10:1 


An approximate mathematical analysis (see Appendix B) as well as 
additional measurements generally showed that: 

• S/N ~ 0/U when the modulating frequency deviation is less than 
the receiver audio cut-off frequency 

• S/N ; (D/U) . (frequency deviation/cut-off frequency) when the 
frequency deviation is larger than the receiver audio cut-off 
frequency. The value of S/N is practically unaffected by the 
value of the modulating frequency. 

Let us now assume that each of the two adjacent antenna tracks is 
fed with a carrier of equal amplitude and frequency. It is evident from 
the above that D/U then represents the required attenuation factor for a 
given value of S/N. Since the required value of S/N should amount to at 
least 100 (40 db) in the present system, the minimum attenuation should be 
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equal to this number. Unfortunately, this amount is difficult to achieve 
for two adjacent tracks. 

Thus it was decided to avoid using identical carrier frequencies on 
adjacent tracks. This is easily accomplished by selecting odd-numbered 
carrier frequencies for one level or tracks and even-numbered carriers for 
adjacent levels or tracks. An example of carrier allocations is shown in 
Table 3-4. With this method of channel separation it was found 
experimentally with the Model 149 receiver that the undesired carrier 
amplitude (modulated with + 100 kHz frequency deviation) need be only 6 db 
below the desired carrier amplitude in order to eliminate crosstalk. 
Twenty-one db is the least signal difference we have ever measured between 
adjacent tracks, with the preferred antenna design, thus adequate signal 
separation is easily achieved. (See Appendix I.) 

3.2.3 The Superheterodyne Receiver 

Referring to Figure 3-2, the operation is as follows. Consider a 
single channel carrier at frequency f + Af, where f is the center 
frequency and Af is the frequency deviation. After mixing this carrier 
with f + 10 MHz at MIX 1 and bandpass filtering with BP2, the difference 
frequency + f + 10 MHz results. The frequency f + 10 MHz is a multiple of 
the 0.2 MHz reference clock. Its value is determined by the frequency 
division ratio N of a digital counter which forms part of a phase-locked 
loop. The remaining part of this loop consists of a frequency/phase 
detector FPD, a lowpass filter LPl, and a voltage - controlled oscillator 
VCO. 

After limiting the amplitude of the output of BP2 at LIM, the 
signal is mixed with 9.5 MHz at MIX2. The resulting difference 
frequency +Af + 0.5 MHz is then fed to a frequency detector FMD which will 


t 
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TABLE 3-4. TYPICAL FREQUENCY ASSIGNMENTS FOR A FOUR-TRACK 
102-CHANNEL SYSTEM 



A (26-Ch) 


Track 

B (25-Ch) C (26-Ch) 


D (25 Ch) 


10.2 MHz 
10.6 MHz 

19.8 MHz 

20.2 MHz 


10.4 MHz 

10.8 MHz 

20.0 MHz 


10.2 MHz 
10.6 MHz 

19.8 MHz 

20.2 MHz 


10.4 MHz 

10.8 MHz 

20.0 MHz 



44 



I 



45 


Figure 3-2. Superheterodyne receiver block diagram. 




be discussed in Section 3.2.5. In order to optimize the S/N ratio and to 
prevent overloading, an automatic gain control consisting of AGC and 
variable gain amplifier A1 is required for each receiver. 

3. 2. 3.1 Analysis 

Although this type of receiver is fairly easy to implement, there 
are a number of items that need careful consideration. These are: 

e Image frequency response 

• Filter phase and amplitude response 

The image frequency response can be reduced by a proper choice of 
the selectivity of bandpass filters BPl (see Figure 1-1) and BP2 as well 
as the value of the intermediate frequency (assumed to be 10 MHz at the 
present). More work will be required to determine the optimal choice. In 
order to minimize nonlinear distortion of the frequency modulated signal, 
the pass band phase and amplitude response of BPl and BP2 must also be 
considered. As shown in Appendix A, distortionless transmission requires 
a constant amplitude and linear phase response (constant group delay). 
Approximate expressions have been derived which relate third harmonic 
distortion to the following parameters (defined in the pass band): 

• Number of amplitude ripples and ripple amplitude 

• Number of phase (or group delay) ripples and ripple amplitude 

• Frequency deviation 

• Modulating frequency 

As an example, consider a bandpass filter with a constant amplitude 
response and a 0.5 micro-second peak-to-peak group delay ripple 
amplitude. The ripple consists of a single period of a sinusoid. At 
modulating frequencies of 15 kHz and 30 kHz, the third harmonic 
distortions were found to be 1.5 percent and 3 percent, respectively. 
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3,2.4 The Tracking Phase-Locked Loop Receiver 

Referring to Figure 3-3, this receiver essentially consists of 
three loops. 

Loop 1 is a phase-locked loop and consists of voltage-controlled 
oscillator VCOl, analog phase detector POl and lowpass filter LPl. It's 
purpose is to obtain a digital signal at the output of VCOl whose 
instantaneous frequency (f + Af) is equal to that of the selected channel 
frequency. 

The selection of this frequency is accomplished by loop 2 which 
consists of VCOl, digital frequency dividers -^32 and-f-N, digital 
frequency detector FD, and lowpass filters LPl and LP2. As shown in 
Table 3-5, this loop has nonlinear characteristics, i.e., whenever the 
frequency of VCOl is withir a 0.2 MHz frequency band centered about the 
selected channel frequency f^, it is uncontrolled by loop 2. Control is 
then taken over by loop 1. 

TABLE 3-5. FREQUENCY DETECTOR CHARACTERISTICS 


VCOl 

Frequency 

f 

(MHz) 

FD 

Output 

Voltage 

FO 

Output 

Impedance 

f<fo - 0.1) 

Low 

Low 

(fo - 0.1)<f<(fo + 0.1) 

X 

High 

(fo + 0.1)<f 

High 

Low 


Further details of loop 2 are given in Appendix D. 
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Phase- locked loop 3 serves the purpose of generating frequency f - 

0.5 MHz. It consists of VC02, digital divider-^ (2N-5), digital 
I 

frequency/phase detector FPO and lowpass filter LP3. 

By subtracting the frequency at the output of VC02 from that at the 
output of VCOl by means of digital mixer MIX 2, there results the 
frequency + Af + 0.5 MHz, where Af is the frequency deviation of the 
modulating signal. Next, this signal is sent to frequency detector FMD 
which will be discussed in Section 3.2.5. 

Since the closed-loop bandwidth of loop 1 (DC-50 kHz) is 
proportional to the carrier input level of PO 1, it is essential that 
automatic gain control is included. This part of the receiver consists of 

(. 

phase shifter PS, analog phase detector P02, gain control circuitry AGC, 
and variable gain amplifier Al. 

Finally, voltage level detector LDl is included in order to sense 
the presence of a valid carrier. 

3. 2. 4.1 Test Data 

Tentative test data has been obtained by subjecting the receiver to 
a frequency comb spectrum. Spectrum details and its generation are discussed 
in Appendix £. The receiver was tuned to either 15.4 MHz or 15.8 MHz. Each 
carrier was independently modulated by a sine wave and a square wave, 
respectively. The peak voltage signal-to-noise ratio for either channel 
amounted to 32 db. It is believed that the S/N ratio can be improved to 
at least 40 db by applying better lowpass filtering at the audio output. 

( 

3.2.5 FM Detector 

The frequency detector shown in Figure 3-4 forms part of the 

dynamic strain receiver. It is indicated by FMD in Figures 3-2 and 3-3. 

I 

The operation is as follows. 
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Figure 3-4. FM detector (FMO) block diagram. 




A frequency modulated 0.5 MHz carrier enters monostable 
multivibrator OS and is converted to a pulse train of constant pulse 
width. After passing through switching precision current source CS and 
lowpass filter LP 4, the average value thus obtained is proportional to 
the frequency deviation Af. The composite output signal, consists of both 
the strain data (20Hz • 40 kHz) and a 40 kHz self>test signal. Strain 
data and the self-test signal are separated by lowpass filter LP5 (20 kHz 
cut-off frequency) and by bandpass filter BP3 (40 kHz center frequency), 
respectively. 

In order to avoid the need for tuning, a commutating-type filter 
has been chosen for BP3. This way, its center frequency is governed by 
the 0.16 MHz reference clock. 

Finally, level detector L02 provides a digital output indicating 
the presence of the self- test signal. 

Receiver schematics are shown in Appendix K. 
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CONCLUSION 


Analysis and testing of the critical aspects of this phase-locked 
telemetry system concept have proven It to be vfell suited to the rotary 
instrumentation application. No basic system problems have arisen and 
testing has demonstrated performance In excess of all minimum requirements. 

Phase II of the program Is scheduled to result In completion of the 
detailed system design and fabrication and testing of a small protyotype 
system. 



- ''•ITT!'. . 
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APPENDIX A 


FM DISTORTION BY TRANSMISSION NETWORKS 


It is well known (Reference 1) that when a frequency modulated carrier 
is passed through a linear bandpass filter harmonic distortion will result 
due to: 

e Rejection of sidebands outside the passband 
• Amplitude and phase variations within the passband 
Since the first item has already been discussed in Section 3.2.2 we 
restrict our attention in this Appendix to the latter item. 

Let the filter differential equation 


v^(t) 



Vjtt) 


be given by 

V 2 (t) » F(p) v^(t) 


where 


F(P)- ^ a,p.p=_,p 


0 E i. 


\ • 0 


dt" 


( 1 ) 

( 2 ) 


It should be noted that when p is replaced by jo), F(jai) becomes the 
complex transfer function. 


PRECEDING PAGE BLAI4K NOT FIIMBI 




Furthermore, let 


jOp j6, 

V 2 (t) = V 2 (t)e . v^(t) » e ’ 

where 

e^(t) = i»^t + f oj^(t)dt, 

= pO^ = w^{t) = + w^(t)» 02^^^ = W2(t) 

and 

o) 2 (t) * instantaneous output carrier frequency (rad/sec) 
w^(t) = instantaneous input carrier frequency (rad/sec) 
Wj(t) = instantaneous input frequency deviation (rad/sec) 
ui^ = constant carrier center frequency (rad/sec) 

In order to proceed we require the following relation: 
F(p)e^^^^ = e^^^^ F(p + f), f = pf = ^ 

Proof: 

pO/(t) = ,f(t) . /(t) (p ^ ,P , , , 

= fe^^^^ = e^^^^ (p + f). Since p operates on zero 


( 3 ) 


( 4 ) 


( 5 ) 


= (f + f^)e^^^^ = [p(p + f) + f(p + f)] = e^^^^p + f)^ 

pn/(t) , /(t) ^ fjn 


thence. 


F(p)e*'<‘> = £ 


ajP'e*"*‘' = ^ a. (p + f)' = F(p + h QEO 

1-0 i = 0 
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From (1). (3) and (5) we then have 


jOp j(w t + / ujjdt) 


%{t)e = F(p)e 


t. 




= e ^ F(p + ja>^) e'^i'^d 


u) jdt 


Jw, 


V ^"0141 pne^'/“<' 

.“o"' 


dt 


JK‘ V 1 p(n)(j 

n=0 ' * 


Hence 


V.,(t)e 


^■''2 , + p(p ^ 

k i j(u)-t + /ojjdt + i}') 


V^Ct) = [f(p + ju)j)| 

Im F(p + 

4 >(uij) = tan "^"TTp^ +~ jt^ 


(6) 


(6a) 

(7) 

( 8 ) 


I 


t)7 


f 



From (2), (6) and (8) we also have 


4>(ca^) = tan 


-1 


CO 



1=0 


00 



a^(p + 


a^(p ’»• 


( 9 ) 


a 


n 


i 

nl 




nl 



u). 


= 0 


Evaluating (p + jw^)” in (9) we have 

(P + = 1 

(p + = jwj 

(P + = -w/ + 

(P + ■ ‘^d^^ 

Evaluation of a^. 

Let 


F(ju)jj) = K(wj)e 




= gin K + J4, 


( 10 ) 


( 11 ) 


(12) 


58 



then from (10) and using (5) we have 


n!an = 




(djuj.)" 




Jn K+j^i 


djw 


, _di 

•’~i( — * ST 


“d “ “ 


n!a„ = F(o) 


T-j- 


du). 


Ja)d = 0 


where 


T(“d) = 


T^(u>d) = = group delay time due to phase. 


dK/do), 


^K^“d^ " ' K( 'J y " 9 >"oup delay time due to gain 


Now let (See Figures A-1 to A-3) 


K(cjo^) = 1 + a cos(wj T^) 


<l>(wd) = o)d Tq + b sin (u)d T^) 


(13) 


(14) 

(14a) 


(14b) 


(15) 

(16) 
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where 


Tj^ = 2nm/wj^ = ripple period of K(w^) 

T = constant part of T^(co^) 

w (j)' 0 

= 2n7r/u)j^ = ripple period of 

a = ripple amplitude of Kim^) 

b = ripple amplitude of (|)(a)j) 

bT^ = ripple amplitude of 
m = number of ripple periods per Wj^ for K(wj) 

n = number of ripple periods per for 4)(w^) 
W|^ = half bandwidth (rad/sec) 

Noting that 
F(0)= 

we have from (13) , 

^0 = 1 

a, = T(0) 
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j T 


0 ) 



- 3j T 



6j j2 y(l) _ 4j j(2) _3 y(3)2 ^ jj(3) 


(17) 


Since the term merely delays the waveform and causes no distortion, 
we shall set = 0 in (16). 

From (14) and (15) - (16) we then have 
T(0) = bT^ 


T*"(0) = 

= -bT^^ 

= -JaV 

Entering (18) into (17) then yields 
^0 ' ’ 

' ^"4. 
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( 19 ) 


2 : - ( bt ^)2 + 81^2 

3: 83 = (bt^)^ + 38bTu^T^ + bT^^ 

4: 84 - (bi^)'' + * 4b^^‘* + 38^^^ +8t^^ 

In view of (9) and (11) the phase is given by 


(J>(u)j) = tan 


a,u)^ + a, 0)^^^^ + ‘ ■‘' ‘ 


•1 Id “2 d 


4'“d 


"d “"d 


,<’> - a,(4ai. * 3 <a - <o/) 


1 - dgiUj - 383 Wj ‘"d ' ’ ‘'4^‘^d “d " ‘"d ■ “d 


In order to get an idea of the magnitude of the terms in (20) let 

for the time being a » 0 in (18) 

and 


‘"d “ ‘"a 


f(flt) 


fi\ dwj df(nt) /TV 

a,/'5=_J.= u) =0),nf^‘^ 

dt ^ d(nt) * 


w. 


,<"> = c..!)" f<"> 


(21) 


Let us also define the peak-to-peak group delay time variation 
(See Figure A-3) as 


^0 * 
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Then with a = 0 Eqs (19) become 


a 

8 'o 

*4 ' 3BT 


Assuming 5% error, the denominator of (20) may be set equal 
to unity provided 

T 2 

0 rt ? 

0.05 ^ ®2*^d ” "g ■ Wg s or 
0.63 > 


Considering the numerator of (20) we retain only the first 
term and the largest term generating a third harmonic, i.e., 
(20) becomes 


(|i(u3j) a tan 


-1 


ai^d 


- ag 




* “d*” • ^^3 “d^ “d*” 


T n^O) 1 /I 4. 1 > T 3 3o f^fO) 

TC ^ ^0 “a “ ^ ^ 


( 22 ) 


(23) 
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Letting 

f(nt) s sin fit 


(i2t) « cos r^t 


f (^ ) - /i 1 


- (2 " 2 cos 2J^t) cos nt * cos fit - X cos 3fit, 




T 2, 2 

•rt 

1 - _2 L. 
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(w 4 ) 


cosfi t + 




^ 0 a . 1. 

^ ”“g^r — ( 1 + ^) cos 3 fit 

Hence from (6a) and (24) the total Instantaneous frequency 
at the output of the network Is 

"2 ' “c * “d * ^ 


(24) 


= (^c + ‘^a 


o“a' 


T ^co.^ 1 

1 - - 2 ^ (1 + 4 ) 






cos fit 


1 

* "''33 (1 ■*■ ^) cos 3 fit 


One observes that the third term on the right of (25) merely 
changes the phase of the modulating signal but does not 
contribute to distortion. 


(25) 
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The third harmonic distortion factor Is given by 


factor of cos 3 nt 
factor of sin fit 


T 3 

^o“. 




0 




1 - - 4ntr 

^ ^0 ■ 



Tq (sec) * peak-to-peak group delay variations 
w, { rad/sec) = frequency deviation 

a 


U (rad/sec) = modulating frequency 
0 )^ { rad/sec) = half bandwidth 

n = number of ripple periods per half bandwidth 


Since 


‘^a _ 75 kHz 
■ lOO “kHz 


= 0.75, 


Tjo. = (0.5 ysec) X (2ir x 75 kHz) = 0.236 , 
0 a 


the second term inside the bracket of (26) Is much larger 
than the first. Hence (26) may be simplified to 






9 * 


t 


f* 




1. 


( 


With 

Tq * 0.5 psec 
w^/27t « 75 kHz 
w^/27t * 100 kHz 
fi/27T * 30 kHz 


T*(“) 



Figure A-4. 

« 0.03, or 3% third harmonic distortion assuming constant 
amplitude over the passband 


OJ 


When amplitude variations are included the third harmonic 
distortion Is given by 


<Va)' 

"‘TT' 



1 + 


2 / \2 
160n^ /;V\ + 480am^ /M 

(V,)2\V (V,)2W/. 


If (TqWj) is small, (28) reduces to 


3 ' 0 a' 


2.5 n^ + 3.75 (2a) n? 


where 

n * no. of phase ripple periods per half bandwidth 
m * no. of amplitude ripple periods per half bandwidth W|j 


(28) 


(29) 


; * 
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2a * peak“to-peak amplitude variation 

Tq s peak-to-peak group delay variation due to phase 

= modulation frequency (rad/sec) 
oj^ = half bandwidth (rad/sec) 

u), = freq. deviation (rad/sec) 
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APPENDIX B 


i i 

f, 


t » 


f » 


COMMON-CHANNEL AND AlJACENT-CHANNEL INTERFERENCE 



i i 



v(t) 


Figure B-1 

Referring to Figure B-1 the desired carrier e (t) and the undersired carrier 

A* 

ep(t) enter a bandpass filter of bandwidth After limiting and linear 

frequency detection the audio signal enters a lowpass filter of cutoff 

frequency It is assumed that and wu s + i). where 

is the frequency deviation (75 kHz) and is the maximum modulating 

c niflx 

frequency (30 kHz) of the desired carrier. See References 1, 2 and 3. 

B-1 Adjacent-Channel Interference 
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Referring to Figure B-2 let 


e„ = cos = w^t + sin fi t 

c c c c c c 

e„ = p_ cos = w t + g sin at + 

p*^pp pppp^p 

where 

u)^ = desired carrier frequency (rad/sec) 

0 ) = undesired carrier frequency (rad/sec) 

H 


A(iO 

g = = modulation index of desired carrier 

c 


Zuji) 

B = - 7 ^ = modulation index of undesired carrier 

p Kp 

Au) , Aw = frequency deviations (rad/ sec) 
c p 

a , 51 = modulating frequencies (rad/sec) 
c p 

= constant phase shift (radians) 

Expanding ^^(t) we have 


e„(t) = cos 0^ 

P P P 

- D I •^^0^ ^ 

= PpRe |e ' P P/e P P j 

no 

= p Rej eJ<V * *P> • I.J (Bje^ng 

»oo ■' 

m 


0) 

( 2 ) 
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( 3 ) 


(' ^ J (lO cos (ij) t + inu + ) , 

P i:rf «> P P P 

m 

v^here (3p) is a Bessel function of the first kind and order m. Adding 
(3) and (1) the signal e(t) entering the bandpass filter is 
e(t) = e^(t) + ep(t) 

= cos u^(t) + Pp cos Op 


= cos Op + 2. . '"V 


= Re 


[’ ^ '^pI J„, (6p) ej - «c| 

'm J 


= (1 + A„) cos 0 - sin 0 , 
p c p c 

- r cos ( 0 + (|» ) , 
c 

where 


In 


((D„ + ma - w )t + sin fit 

p p c p c c 


vV» CO 


^ Up + - n$^^)t + 4>p 

«oo ^ ^ ^ 


m n 

iX> 

\' 


P P J: 


[S ^ ^ ■ ^c V 


(4) 

(4a) 


(5) 


(5a) 


( 6 ) 
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(6a) 


V\' l\> 

A ^ ' 


V \ 


in m 


_^0„,(ap) sin [((Op + mUp - co^ - mijt + ^ 


Ap)^ . Bp^ 


(7) 


4> - tan ^ Tl\' 


( 8 ) 


A possible expansion for 4' is 

I 




I 


^ ^n2 O A 
1 + + 


3 2 
r 


A„ 

'''' 1 and 1 

B 

P 

! 

P 


Assuming 
Eq. (8) reduces to 


3.5 p4 1 

1 SO that r Si 1 , 


^ = Bp (9) 

Hence in view of (6a) 


4> ~ Bp 




a. 

II 

v\^ 

V 

kV 

V 0 (B ) J (B ) (A(jo + iiU 2 „ - nr.) COS 
^ 111 p n c p c 

f(A(o + rar - nii )t +‘|> 1 
L P c' Pj 



n 

(10) 

where 




Ail> ~ U) 


= beat frequency (rad/sec) 

(11) 
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Now let the bandpass filter be given by 

F(ju,) = K(u) (12) 

Where i}i(w) is the nonlinear part of the phase shift (the linear 
part merely delays the signal undistorted). 

Defining 


= A(jo + mfip - nfi^ 

(13) 

mn mn 

(Ma) 

'^inn = '^^“mn^ * 

(14b) 


Eq. (10) should be modified to 

* = Pp ySp) “=[“rak‘*^p -♦»] <'=) 

Assuming a linear discriminator and an ideal audio lowpass filter with 

cutoff frequency (rad/sec), the audio output is given by 

v(t) = \ “ “c 

= Au.^C0S!!^t + Pp ^ ^ J„CSp) J„(BJ K„,„«.„c05 L t + *p - 

( 16 ) 
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where 


= audio filter bandwidth (rad/sec) 

C V 

~ filter half bandwidth (rad/ sec) 

V - mn - V * b v 
Equivalent statements of (16a) are 


(Aw - S2y) <_ (nfl^ - mfip) ^ (A<a) + iiy) 

Aw + Aw + mfi^ + fi. , 

P V ^ ^ P V 


(16a) 


(16b) 

( 16 c) 


nfl - Aw - 

C V 



< m < 


nil - Aw + 
c V 



(I6d) 


In what follows we shall assume that 

a) the desired carrier modulating frequency is very low so that 

» 0, n a 0, and 

b) the undesired carrier Op is modulated with J2p. Eqs. (16) and (16d) 
then reduce to 

v(t)»Aw COS fit + p„ / (S_)K_w_cos(w_t f <j)_ “ (p„)» (17) 

' ' c c p ^ m' p m m m ^m ' 

III 
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where 




w„ = Aw + 


m p 


-Aw - 

-A('» + fi,. 

V 


n I"! 1 


P 

P 


The RMS signal/noise ratio is given by 

RMS value of Aw cosf2 t 

S/N ^ 

RMS value of {f (t) 

Using (17) we have 


1 Aw 

1 c /w - ^ 

[J (0 )K W 3^ 
^pjm ^ m' p^^ m-’ 

1/2 


As an example let 

= 1 (uniform gain in the pass band), 
pp = 1 (equal carrier amplitudes), 

Aw/(2ti) = 0.4 MHz, 

Aw^/(27t) = AWp/(2T7) = 75 kHz, 

J2^/{2tt) = 40 kHz, 
ft^/(2TT) = 0 Hz, 

and consider the following two cases. 
Case I : fip/(27r) = 20 Hz 


(17a) 

(17b) 


(18) 


(19) 
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( 20 ) 




( 21 ) 


^ ^ ^ Z5000 , 3„. 
®p n 20 


From (17b), (19) and (20) 


-400-40 . „ ^ -400 + 40 

0.02 0.02 

-22000 < m < 18000 


From (18), (21) and (22), 


S/N 


22000 

V CJ„,(3750) 
m=18000 


75 


2 

1 • (400 - m X 0.02)]"^I 


( 22 ) 


75 

|[Ji8ooo^^750) X 40]2 + • • • + [322000^^^®°^ "" 

Now, for m is large. 


(23) 


J„(mx) 

m 


m m \ 
X e ^ 


1-x' 


Ji™ (1 - x^)''"' [1 + Ji - x^f 


Since mx = 8 

r 


!r~ 3750 
m ~ 20000 


0.19 


(24) 
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Therefore, (24) reduces to 


0„(llix) R; 
m 



or 





For iS = 3750 and m = 18000 , 
P 


( 25 ) 


J 


m 



1 /3750X 2.718 

JlirY 18000 ^ 18000 


18000 


^ ( 0 . 566 )^^^^° 


(26) 


Hence values for m greater than 18000 need not be considered 


so that from (23) and (26) 


I a 1.9 18000 • (1.765)^^°*^° 

= 640 X (1.765)^®°°° 

I » 1000 dB 
N 


Case II : sl/(2tt) = 30 kHz 

P 


3 


P 


-7 r 

- - i _ 7^ _ 
" "iip “ 30" “ 


(27) 

(28) 
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2=1 CO 


From (17b), (19) and (28) 


-400-40 


< m < 


-400 + 40 


30 - ~ 30 


• , or 


- 14 < m < -12 


( 29 ) 


From (18) and (29), 


S 

N 


75 


[J (2.5)(400 - m X 30)]‘^( 


I 


m^2 


m' 


) 


or 


75 


|[j, 2(2.5) X 40j^ +[j, 3(2.5) ■ <• • • • + [0,^(2.5) • 2o] 

In order to see if we can make the large order approx, we have 






J„(x)= S ^ (1) 

” r=0 (n+r)! ' 


n+2r 


■ n: [ 2 ) • TThTJT \2j 


•f ♦ • 


(31) 


The ratio of the second and first terms is 


V/ - X _ 6.25 _ 6.25 . ft « 

^ ~ 4(n+'l ) ■ 4(12+1) "52 


We can therefore keep only the first term. 


Using Stirling's approx., we have for large n. 
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n! =^r27Tn^^j (which is already 1.5 percent accurate for n * 4) 
so that (31) becomes 



which is the usual approx, of J„(x) for large n. 
Hence 


0^2(2. 5 ) 


1 /2.5 X 2.718 ^^ 1 

Ju-n ' \ 24 / ^Stt(3.54)^^ 


Referring to (30) and (33) orders larger than 12 may be omitted 


so that (30) becomes 


(33) 


I = 16.5 X (3.54)^^, or 


I = 146 dB 


We conclude that adjacent channel interference may be neglected. 


(34) 


B-2 Bandpass Filter Selectivity 

In what follows we consider the approximate attenuation the bandpass 
filter should have at o)p (see Figure B-2). Neglecting the sidebands of the 
interfering carrier, it follows from (17) that the discriminator output is 
given by 

v(t) = cos i2pt + JQ(ep)Kp AU) cos (Auit + 4>p ' 4>p) (35) 
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where we have set * 1 and where 

Kq * Bandpass attenuation factor at Wp. 

The maximum value of v(t) will occur when 

3 * 0 (i.e., e unmodulated)* t *■ 0 and (fi - 4> = 0, 
i.e. * 



Figure B-3 


Since most discriminators saturate beyond as shown in Figure B-3 

it is in view of (36) essential that |KqAw| £0.01 | » i.e.. 



S-3 Common-Channel Interference 

The S/N ratio as given by Equation (18) can also be used in this case 
provided Pp «1. But because pp can be near unity a different derivation must be 
considered. Also, we are presently more interested in the capture ratio than 
in the S/N ratio. Hence Equation (18) will no longer be considered. 
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B-3.1 Desired Channel Modulated 
Let us again have (See Figure 6-1) 

e(t) = e^(t) + ep(t) 

* cos 6^ + Pp cos 0p, (38) 

where 

Pp = amplitude of undesired carrier 

6- ' w t + B sin n t (39a) 

W w C V 

0 = u) t + (p (39b) 

P P 

u)^ = desired carrier freq. (rad/sec) 
to * undesired carrier freq. (rad/sec) 

r 

pp = constant phase shift (rads) 

Ato 

6^ = — = modulation index 

C 

C 

Au) = freq. deviation (rad/sec) 

= modulating freq. (rad/sec) 

From (38) we have 
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e(t) = Re e ‘ 1 + Pp6 P ‘ 

.«< j[, . . 


Re e 


„ cos (e„ - 0.) 
p p c 


l] * j [Pp Sin (6p - Op)]j 


* [1 + Pp COS (0p - 0^)] COS 0^ - [pp sin (0p - 0^)] sin 0^ 


r COS (p COS 0 - r sin <P sin 0 

c c 


r cos (0 +4>), 


where 


0p - 0^ = Awt 4>p " sin 


A(i) = o)„ - 0)^ 

P c 


= [l + 2(^005 (Op - Op) +Pp2j 

-1 Pp 


1/2 


({) = tan 


1 + Pp cos (Op - 0^) 


Using a perfect limiter, the discriminator output is given by 


v^(t) 


0^ + 4) - 0)^ 


= Auj cos 0 ) t + (Au) - Au) cos t) — ^ 
C C C c 1 ^ 


Prs co s (Op - 0^) -*• Pp' 


1 + 2pp cos (Op - 0^) + P| 


In what follows we shall assume that 


^ " *^p " ^’p * ^ 


( 40 ) 

(40a) 

(40b) 

(41a) 

(41b) 

(43) 


■2 (44) 
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Hence (42) and (44) become 


r * Cl + 2p cos (B sin fit) ♦ p^]. 

peep 

V, (t) * Aw COS fi.t - Aw COS fi t • t\(t), 
I C C C C I 


where 


f,(t) 


Pp COS (e^ s1n fi^t) ♦ Pp^ 

1 + 2pp cos (S^sin fi^.t) + pp^ 


Let us first consider the carrier envelope f'. 


( 45 ) 

(46a) 


(46b) 


From (45) we have 

•"max * ^ ^ ^p 
■•inln * ' - «p 

For 0.95, the limiter should be capable of covering a dynamic range 
r 1+0 

of at least - 40, or 32 dB. 

^min 1 - pp 

A plot of r vs. fit (Eq. 45) has been given by Corrington (Reference 2) in 

Figure B-4 for 6 = 10 and several values of p„. 

c p 




Figure 3-4. 

Let us next consider (46a) and (46b). Values of v(t) vs. $2 t for p = 0.5 

c p 

and several values of 6^ are also given by Corrington in Figures B-5 and 
B-6. Now suppose that the waveform of Figure B-6 is passed through a low- 
pass filter which passes but rejects the indicated high frequency waveform. 
It will then be found that the output of the lowpass filter amounts to 


v(t) = Aw cos W t + Aw f, cos 0 ) t = Aw cos w t 
c c cl avg c c c 


because it has been shown by Corrington that 


1 avg 


~ I f^( 0 ) d0 = 0 for Pp < 1 

Jo 


(47) 


It may further be found that 



j ^inin I 
I I 


1 + 


P 


P 


(48a) 


(48b) 


84 



Therefore, the maximum and minimum values of the envelopes in 
Figure B-6 are 



Let us now suppose that the bandwidth of the bandpass filter is sufficiently 
large so that v^(t) is passed without distortion but that the discriminator 
saturates beyond + as shown in Figures B-6 and B-7. 
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I 


It is evident that when 


Aw^ < (U| < 


1 - P, 


a portion of the high frequency wavefom is clipped and (47) no longer 
holds, i.e., a reduction of the average amplitude of cos fl^t results. 

In order to obtain an approximate expression for the amplitude reduction 
we make two assumptions: 

a) period of modulating frequency large compared to the period 

c 

of the superimposed frequency, 

b) replace the superimposed waveform by a waveform which is square 
below the axis and triangular above the axis (see Figure B-7) and which has 
zero average value, i.e., 

1 + p_ 2(1 - p„) p_ 

f.avg ^ — E— + E E_ = o (51) 

3 - Pp 1 + Pp 2 (3 - Pp ) 1 - Pp 




1 ‘ P, 


Now when 


Ao)^ <. £ 


1 “ P, 


it may be found that 


a - p„) 


p' tapj 


- Pp) 
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After lowpass filtering the audiv- /utput is thus given by 


v{t) = Au)^ + f^ygj cos S^^t {53c) 

Let us now define the capture ratio R as follows. 

R(dB) = (Desired Carrier Ampl itude)/ (Undesired Carrier Amplitude at 
which the frequency deviation amplitude Aw reduces by K d8) (54) 

w 

Hence, 

R . 20 log (55a) 

Aw 

K = 20 log ^ = - 20 log [1 + fl (55b) 

"“C t' - 

where f^^^ is given by (53b). 

Hence from a knowledge of R and K, w^ can be approximately determined. 

So far it has been assumed that the bandpass filter has a large bandwidth. 
Unfortunately the calculation of the response due to the waveform in 
Figure B-7 is a complicated affair. We can say at best that if the 
frequency of this waveform is relatively low, a quasi-static approximation 
may be used. In this case Figure B-7 may also be used except that w^ is 
replaced by w^, where o'|^ is the half bandwidth of the IF filter. 

It is evident that if Wj^ < w^, should be replaced by in 
Figure B-7 and Equations (53b) and (55). We conclude this section by 
stating that small capture ratios can be achieved by having: 
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a) large IP bandwidth with uniform amplitude and linear phase 
response, and 

b) large discriminator bandwidth with good linearity. 

B-3.2 Undesired Channel Modulated 

Instead of (39a) and (39b) we set 


6- ~ 
c c 


pep P ^P 


We now find a Fourier expansion for (43) as follows. 


Comparing (40) and (40a) we have 


1 + pp cos (0p - = r cos <|) 


Pp ^®p ■ ^ ^ ^ 

Multiplying (58) by j =^-l and adding the result to (57) yields 


j(6. - 9J j<l> 
l+p„e ^ ^=re. 


or 


In 1 

* 


In |1 + pp e 


Since 


3 (0p - e^) 


)■ 

= In 




(56a) 

(56b) 


(57) 

(58) 


(59) 


ST"’ k 

in (1 + x) = - 2. , -1 < X < 1 , 

k=l k 
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we have from (59) and by equating the imaginary parts, 


(- Pj 


^ sin + 3 sin fi t) , 0 < p_ < 1 


k=1 k 


P P 


(60) 


Hence the discriminator output is given by 


V^(t) = ^ 'I' “ 


= - AWp cos(fi^t) 


^ (-p^)^ k(4)p + Bp sin fipt). 


P Fl P 


Without the presence of the desired unmodulated carrier, the 
discriminator output is 


V, (t) = 
ip p c 


(61) 


= AWp COS (fipt). 


(62) 


In order to obtain an approximate expression for* 


max _ receiver peak output without desired carrier 
max receiver peak output with desired carrier 

we shall assume that 

_ amplitude of undesired carrier ^ ^ , 

^ amplitude of desired carrier 

Thus, (61) reduces to 


v^(t) a Awp Pp cos(fipt) cos (4ip + Bp sin fipt). (63) 

*A1 though Vp niax/^'niax represents a receiver output level reduction factor due 
to the presence of the unmodulated desired carrier, it may (for small values of 
Pp) also be interpreted as a signal -to-noise ratio for the case the desired 
carrier is modulated and the frequency deviations of the desired and undesired 
carriers are equal. 
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As shown in Figure B-8, v^(t) comprises a variable frequency of 
period T 2 with an envelope of period T^. 

After lowpass filtering v(t) as shown in Figure B-9 is obtained. 





We proceed by assuming that 


where 

flp = angular modulating frequency, and 
= angular lowpass cutoff frequency. 
From (62) we then have 

V = V, = Aw 

p max Ip max p 
Referring to (63) we consider two cases. 


(64) 





Case II ; AcOp < 


As a first-order approximation we may assume that all frequencies 
of v^(t) pass the lowpass filter, i.e., 
v(t) a v^(t) 

The maximum positive value of the envelope is in view of (63) 

V = Au> p 
max p p. 

Hence, from (70) and (64) we have 


(69) 


(70) 


(71) 

Experimental Observations 

It should be evident that (68) and (71) are only approximate due 
to the fact that we neglected 

a) the response sluggishness of the IF bandpass and audio 
lowpass filter, and 

b) the effects of the higher-order sidebands. 

Referring to (68) it is found that with 

i = 75 kHz, 

2tt p 


V 

p max 

_ 1 

V 

P., 

max 

P 
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the calculated and measured values are 11 and 6, respectively. 

It was also found that (68) showed very little dependency upon the value of 


the modulating frequency S2p. 



APPENDIX C 


SIGNAL-TO-NOISE RATIOS FOR AM. PM AND FM 

In this report we derive expressions {References 1, 3) for the signai- 
to-noise power ratios for amplitude (AM), phase (PM) and frequency (FM) 
modulated receivers. Effects of frequency empahsis at the transmitter and 
de-emphasis at the receiver will be included. It is assumed that the receiver 
input contains white noise with uniform spectral density and zero mean value. 
Let in what follows: 

C = carrier power (Watts), 

S = signal power (Watts), 

N = noise power (Watts), 

A - noise spectral density (Watts/Hz), 
e = Rf signal voltage (Volts), 

> ^ ,nodul£t1ng signal, and 
n = noise voltage (Volts). 

It is further assumed that g(t) is band-limited and of zero mean 

value. 
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C-1 Amplitude Modulation 



TranboiiUtr 


Recei v(.-r 


Figure C-1 


Referring to Figure C-1, video signal g(t) enters pre-emphasis filter l/F(oj) 
and is then amplitude modulated, I.e., 

e(t) = E[1 + mf(t)] cos (w^t + (1) 

where 

E « carrier amplitude (Volts), 
m = modulation factor, 

0 )^ = carrier frequency (rad/sec), 

= constant phase shift (rads) and 

lf(t)! <1. 

For reasons of simplicity has been made equal to the center frequency 
of the IF bandpass filter of the receiver whose idealized magnitude charac- 
teristics are shown in Figure C-2. 

Assuming that f(t) is band-limited, 
the signal power after the IF filter 
equals 


Maymtude 

A 


— I 

t ■(*!:. 

Figure C-2 
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2 2 

Sj = 2 — + Em f(t) + 2 — f^(t) 

= 1- 1 + , (2) 

> a 

where 

T 

fTET = lim ^ I f(t)dt = 0 (3) 

is the mean value of f(t) which is zero when f(t) contains no DC component 
and 

T 

f^(t) = lim Jr) f^(t)dt (4) 

-T 

is the power of f(t). 

Let the noi^:e voltage n(t) possess a constant spectral density n. Then 
after the bandpass filter, the spectral density equals (See Figure C-2) 

Wi (u)) = n[u(oj - “ u("' - 

where u(x) is a step function defined by 
u(x) = 0 for X < 0 
u(x) = 1 for X ^ 0 


97 



The power N-| is then given by 

00 

N, =■ W, M du (6) 

CXi 

~ n[u(u) - + 0)tj) - u(w - 0)^ - dO) 

= ^ / duj , or 

From (2) and (7) we then have 


r " ^ 1^’ * (t)] = ^ [1 + m2?U)'] , (8) 

Zn 

where the carrier-to-noise ratio is 



E ^/2 



(9) 


Referring to Figure C-1 ’t is evident that after envelope detection and 
de-emphasis with F(o)), the modulating signal f(t) is converted back to the 
original signal g(t). 
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c -X 



I 


Hence in view of (1) the signal power at the receiver output equals 


^oA ’ 


(10) 


In order to determine the noise power output, the noise spectral density at 
the receiver output must be known. In terms of (oi) we have 


Making use of (5) and (11) yields 


N 


oA = J f 

a,c - uij, 


/ 


dn 


Honce 


( 11 ) 


( 12 ) 


'oA . 

f-m g^(t) 

C 2m^ 

g^(t) 

^oA 



> 


^ J iP(fi) 1^ 

1 

/ 1 


-“b 



dfi 


(13) 


where C/N-j is defined by (9). In the above as well as in the next deriva- 
tions it has been assumed that C/N^ is large. 

C-2 Phase and Frequency Modulation 


<i(t] 



a(t) 


Transmitter 


Receiver 


Figure C-3 
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In the block diagram of Figure C-3 we may now either have phase or frequency 
modulation and demodulation. It is assumed that perfect limiting occurs. 

The RF signals are given by 


ep(t) = E cos [oj^t + A<t>j.f(t)] 

for PM, 

(14) 

t 

ep(t) = E cos [( 1 ) t + 4> + Aw / f(t)dt] 

for FM, 

(15) 


where 

= carrier frequency = IF center frequency (rad/sec) 
4)^ = constant phase shift (radians) 

A(})^ = phase deviation amplitude (radians) 

= frequency deviation amplitude (rad/sec) 

|f(t)| < 1. 


Without noise and by taking the de-emphasis filter F(u) into account, the 
audio output power is given by 



II 

1 1 

[> 

-e- 

o 

9(t)]^ = 

(A(i)j.)^ g^(t) 

for PM 

(16) 

= [A(o 
^ c 

g(t)]^ = 

(4uJ^ g^(t) 

for FM 

(17) 
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I 


In order to find the noise power N-| after the discrimator we must first deter- 
mine the special density W^(vi'). We start by considering the noise contribu- 
tion of the narrow strip in Figure C-4. M.iq.ntudt- d 

It '.ds been shown elsewhere that for 
this case the noise voltage may be 
represented by 


e^(t) = E^(t) cos (u)|^ t + 4Vi) . 


‘c’b ‘c 'n c b 

Figure C-4 


(18) 


where E^(t) is a slowly varying function. 
Furthermore, 


+ doi) 




1 

— E ‘‘ 
2 '^n 


= k i 


ndu) 


ndo) 

2 tt 


(19) 


where n is the constant spectral density of ^■he noise. 


Let us now add the unmodulated carrier voltage e(t) to the noise voltage 
e^(t). Hence in view of (14) and (18) 


e(t) + e^(t) = E cos {w^,t + 4>j.) + Ep cos (w^t + 4>^) 


= cos [o)^t + + Pp(t)], 


( 20 ) 


where 


■'n = E 


E„ E 2 

1 + 2 ^ cos + -5-1 
E n ^2 J 


1 

1? 


(20a) 
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, and 


(20b) 


, E sin *^n 

0- = tan’ c~~r~c r 

E + E cos ij; 


n 


*n ° K ■ “c>* * *n ■ ♦c 


(20c) 


Now for E^/E « 1 , (20b) reduces to 


0 ~ w — sin 

n t ^n 


for PM 


( 21 ) 


so that 


®n " r K - “c> “5 *n 


for FM 


( 22 ) 


where (21) and (22) represent the noise outputs at the phase and frequency 
discriminators, respectively. Hence for the infinitesimal frequency band 
in Figure C-4, the corresponding infinitesimal noise powers are 


dN. = 0, 


2 _ 1 




for PM 


(23) 


“"f = 4 ^ <“n - = 4 (“n - If f'"' 


(24) 


where we have made use of (19). 

Since the spectral density amounts to 


W(U,) = 21T f , 


(25) 
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we have from (23) - (25) .iust after the discriminator. 


w,p M = ^ 


for PM 


Wip (u)) = ^ (o) - tJ^)‘ 


for FM 


The spectral densities after the de-emphasis filter 
F(o)) are 


Wop (t^) = \ |F (w - 0)^)1' 


for PM 


Wqp (u)) = ^ (^ - 


With 0 )^ being half the bandpass filter bandwidtn the output noise 
will generally be given by 

% ^ ItT i % ^ ^ llT / *^0 ^ 

U)c - 

Using (28) - (30) the noise power output is 


Ujl 


'oP 


2 j I F(fi) 1^ do 


for PM 


2ttE^ -a>. 




’oF , ,2 . 

2ttE -Wi 


f 0^ |F(0)1^ do . for FM 


r 


► 


(26) 

( 27 ) 

(28) 

(29) 

power 

(30) 

(31) 

(32) 
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Recalling from (9) that the carrier-to-noise ratio amounts to 



N 


1 



9 


it may be found from (16), (17), (31) and (32) that 


( 9 ) 




g2(t) 

I |F(n)|^ d!J 


for PM 


(33) 


!oF _ ^ 2(/wj 2 g2(t) 

N„c ' N, ■ == 

OF 1 (.Ojj 

^ I n^|F(ii)]^dn 


for FM 


(34) 


C-3 Comparison of PM and FM 
From (33) and (34) it follows that 


(A<t>^/A(iOj.)^ 


■ ‘^b 


■> , ■ 

f |F(n)|^dfi 

/ 

J |F(f2)|^ dfi 

-b 


■‘"b 


(35) 


In order to evaluate (35) let us first assume that the output of the receiver 
contains an ideal lowpass filter with radian cutoff frequency i.e., we 
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set = fiy- Assuming a sinusoidal modulating signal we also set 
= S1A(|)^ where .Q is the radian signal frequency. 

Without frequency de-emphasis we then obtain from (35) with 
|f(S!)l= 1 . 

.Sop/Nop)/(SoF/No|:) = S!v^/(3n^)- (36) 

With frequency de- emphasis we set 

|F(il)|^ = 1/[1 + (37) 

where is the radian cutoff frequency. Assuming v;e obtain 

(38) 

Expressions (36) and (38) show that the S/N ratios of PM are higher than 
FM provided 

^ < (sy/3), without de-emphasis, (39) 

and 

1 

< (2J^jfi^/7T)? . vith ue-emphasis (40) 



APPENDIX D 
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NONLINEAR FREQUENCY DETECTOR 

It is the objective of this detector to digitally program the 
frequency f^ = 1/Ty of a voltage-controlled oscillator (VCO) as shown 
in Table D-1 where 
fp~ ^^^R“ *"6ference frequency, 

Nj^= channel select number, and 
N 2 = dead zone select number. 


TABLE D-1 



VOC Frequency 

u 

Detector 

Region 

Output 

Voltage 

E(v) 

Output 

Impedance 

ZiQ) 

1 

2(Nj 

* "2)f, < f,' 

High 

Low 

2 

2(Nj 

• ^"< * "2>fR 

X 

High 

3 

f ' ' 

< 2(Ni - K^)f^ 

Low 

Low 


One observes from the conditions of the detector output voltage and 
impedance that the VCO is controlled only in regions 1 and 3 and that in 
region 2 (the dead zone) the VCO can assume any frequency within the band 
4N^fp. The center frequency of this band is given by 2Nifj^. 
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rauc. 


UOT filmed 













Referring to Figures D-1 and D-2, the operation is as follows: 

Note first that delay flip-flops FFl, FF2 and synchronous 
up-counters CRl, CR2 clock on the positive edges of output V of the 
voltage-controlled oscillator (VCO)- The period of V equals = 

1/fy. Next, consider the reference clock R of half-period Tj^/2 which 
is shifted through FFl and FF2. By combining and at gate 

G1 a load pulse L of width is generated. When L is low, a channel 
select number is loaded into counter CRl. After Nj^ up-counts, CRl stops 
counting and goes high. This is accomplished by feeding the carry 
output back to its T input. Furthermore, by combining and 

at gate 62, a second load pulse H of variable width T^ is 
generated. When H is low, a dead zone select number is loaded into 
counter CR2. After l.^ up-counts CR2 stops counting by feeding back its 
carry output to its P input. At this instant K goes high and both delay 
flip-flops FF3 and FF4 are being clocked at CK. The states of and 
therefore depend on the states of and prior to the arrival 
of the positive edge of K. An inspection of Figure D-2 is facilitated by 
consulting Table D-2 simultaneously. This table has been derived from 
Table D-1 by using the relations T^ = l/f^^ and T^ = 1/fy. One 
observes that the output states of and are directly related to 
the inequality signs. 

As an example, a detailed description of region 1 will now be given. 

After the positive edge of load pulse L, output D'^ of counter 
CRl remains high during Nj^ counts, i.e., T^' = N^^Ty'. Next, load 
pulse H' of length T^' is obtained from D^ and D'^. Since T^ is 
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I rnni 

I'hdse Detector 


I 



9 


Figure D-1. Frequency- lock loop with dead zone. 











TABLE 0-2. 


Region 

^3 

■ 

MWliHl 

■ 

T4 

Th 

Q3 

04 

1 

Tr/2 

B 


■ 

NiT/ 

N,T^’ 

1 

mm 

2a 

Tr/2 

g 

(N, + NjjT/' 

■ 

"l^v" 

N,Tv" 

D 

1 

2b 

Tr/2 

B 

(Tr/2) + NjT/' 

Di 

W 

Tr/2 

0 

1 

3 

Tr/2 

■ 

(Tr/2) + N^T/” 

■ 

NiT/” 

T„/2 

f\ 

0 

0 


greater than T^', it follows that T^' = T^' = N.|Ty'. After the 
positive edge of H', output K' of counter CR2 goes high after N2 counts, 
i.e. , 

Now since = Tj^/2 is greater than Tj^', will be high 
when FF3 is clocked, i.e., goes high. Furthermore, since T^' = 

NjTy' is smaller than Tj^', will be low when FF4 is clocked, 

i.e., goes high. This completes the description of region 1. It 
remains to be shown how the states of and of Table D-2 are 
related to the voltage and impedance requirements of Table D-1. 

In region 1 both and are high so that diode conducts 
(low impedance) and E goes high. In region 2, is low and is 
high. As long as the value of E remains between the high and low voltage 
values of and Q^, neither diode or conducts so that the 
impedance is high. Finally, in region 3 both and are low so 
that now only diode conducts and E become^ low. 


Ill 



























APPENDIX E 


COMB FREQUENCY SPECTRUM GENERATOR 

It is the purpose of this instrument to test the performance of the 
multichannel receiver by simulating an array of frequency modulated 
transmitter carriers. 

Referring to Figure E-1, the primary carriers received on a 
particular antenna track are indicated by 'A' and 'B'. In addition, the 
secondary carriers 'a' are generated which simulate crosstalk from the 
adjacent antenna tracks. The receiver under test is normally tuned to 
carrier *B' at 15.4 MHz. 

The present design includes the following features (see also 
Figure E-2): 

§ All 'A' and ‘a* carriers simultaneously frequency modulated by 
audio input 1 

• 'B' carrier frequency modulated by audio input 2 

• Maximum frequency deviation: +200 kHz 

0 Audio response: 10 Hz co 150 kHz, +1 dB 

0 Carrier response: 10.4 MHz to 20.6 MHz, +1 dB 

0 Load impedance: 50 Ohms 

Referring to Figure E-2, the comb frequency spectrum generator 
operates as follows. 
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12 dB/Octave 
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Figure F-1 . Frequency Spectrum 


Synchronization 


-V 
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First, the 0.2 MHz reference clock frequency is multiplied by a 
factor 154 in oroer to obtain the 30.8 MHz carriers at the outputs of 
voltage-controlled oscillators VCO 1 and VCO 2. This is accomplished by 
two phase-lock loops. One loop consists of VCO 1, the digital frequency 
dividers 01, 02, frequency and phase detector FPD and lowpass filter LPl. 
The other loop contains VC02, frequency dividers 05, 06, frequency and 
phase detector FPO and lowpass filter LP2. The two loops serve also as 
frequency modulators. Audio input 1 modulates carriers 'A' and 'a' and 
Audio input 2 modulates carrier 'B'. 

Next, the discrete 'A' (odd harmonics) and 'a' (even harmonics) 
spectra are generated from the square wave at the output of 02. Lowpass 
filter LP3 serves to control the amplitude of the 'a' carriers. 

Before the 'B' carrier at the output of 05 can be added to the 'A' 
spectrum, it is evident that the 15.4 MHz component of this spectrum must 
be removed first. In the present design this has been accomplished by 
subtracting the 15.4 MHz carrier at the output of 04 from the 'A' spectrum 
by means of analog adders ^ 3 and ^4 and analog attenuator A. 

Finally, highpass filter HP shapes the spectrum for uniform 
response between 10.4 MHz and 20.6 MHz and provides a frequency rolloff of 
12 dB/octave outside this band. 
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APPENDIX F 


STRESS ANALYSIS OF TRANSMITTER PACKAGE 


INTRODUCTION 

As part of the design task, the transmitter cases were stress 
analyzed for operation in a stacked configuration at acceleration levels 
of 50,000 g's. The direction of the acceleration is normal to the case 
(vertical) and in a downward configuration, such that circuit components 
are pressed against their supporting substrates. The calculations are 
made for the transmitter at the bottom of the stack. The most severely 
stressed areas of the transmitter were analyzed for stress and 
deflection. Areas whose stress levels were obviously lower were not 
included in the calculations. 
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Stress Ana ly sis Summary, Flat Pack Transmitters 
A. Basic Case Configuration and Material Properties 


.085 


r 


— 1.500 




1 


■ 

fi 

1 © 

— 

1 

1 © 

— 


1 © 

— 



— 

£ 


m I m I.iI m I m -!-'' 

*' M ‘ ' l‘* i * ' I* ‘ t‘ 


1.075 "jz .88 


, =- 

A 


.075 (typ) 
^ .060 (typ) 


Material: 17-4PH SST (H900) 

E = 3 X 10^ 
p = .3 

"yield = ksi 
"ult = ”0 


B. 


Bottom of Large Compartment, Bending Stresses 



a^ = Radial acceleration, g's 
Wg = Effective weight of bottom 
Wg = 2wtpa^ 

Wg = 0.73(0.80)0.085(0.287)50000 = 712 lbs 
Wg = ^ = pta^ = 0.287(0.085)50000 = 1220 psi 


Effective substrate Weight W^ = 0.63(0.70)0.034(0.137)50000 = 106 lbs 


w^ = ^ = pta^ = 0. ■'37(0. 035(50000 = 240 psi 

Assuming a uniform load and simply supported edges, the maximum 

bending stress in the bottom, o is: 

max 

w = Wb + w^ = 1220 + 240 = 1460 psi 


0.75 wb' 


max 


t^(l + 1.61 a-^) 


b = .73 in 
P = 0.3 




.75(1460). 7 3^ 


.085^(1 + 1.61(.9125)'^) 


g- = 36,327 psi 


118 


®yield = 165 ksi 

Safety factor = 165 =4.55 

3TT 


However, the thickness of the bottom must be determined by its maximum de- 
flection, since a crack in the alumina substrate of the hybrid circuit will 
fail the transmitter. 


^ max 


The maximum deflection, y„,„. of the case bottom 

•^max 

.1422 g)b^ ^ .1422(1460). 73^ 

Et^d + 2.21a^) 3 X 10^(.085)^(1 + 2.21(.9125)^) 


= .00119 in. 


It is felt that deflections on the order of .001 - .002 inches could be 
safely tolerated without substrate damage. 

C. Wall Stresses for Bottom Xmitter in a Stack of Four 


] 


..T. 




^ V .»L- 

- 1 I ■ 


' V.-. 




1 . Effective Weights g 50,000 g's 


Xmitter bottom: 

Substrates: 

Walls: 

Top: 

Shelf: 


1.5(. 88). 085(. 287) 50000 
[.63(.70) + .38(. 63)]. 035(. 137)50000 
5. 07(. 140). 075(. 287)50000 
1.5(. 88). 040(. 287) 50000 
[.10(.035) + 7.73 X 10’^]1.9(. 287)50000 
TOTAL XMITTER WT 


1610 lbs 
163 
764 
758 
117 
3412 


2. Load carried by walls of bottom xmtr 


3 ,:mtrs (3 3412 = 10236 lbs 

1 wall +1 top 0 1522 = 1522 

TOTAL LOAD 11758 lbs 
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u 


Assuming a uniform distribution of load over the 5.07 inches of wall length, 
the distributed load, w, is: 

w = HZ58 = 2319 Ibs/in 
5.07 

3. End Wall Compressive Stresses 

For the end wall containing 5 electrical feedthroughs, 

11 = .73 in, W = 2319(.73) = 1693 lbs 

E ffects of Stress Concentration on Compressive Wall Stresses 



B 


Net area along plane B-B = [.73 - 5(. 063)]. 075 = .03113 in^- 


U H 

•* — m 

1 1 



5 

-( 

1 


c\- 



Hole Spacing 

c = — — - 1^-— = .083 
b = .083 + .063 = .146 
a = .063, ^ = .431 


For an infinite wall with uniformly spaced holes* .431 


Kt„=1.8 


° max = ^tn ' -8 W3 ' 8 . 7.8 . 93 psi 


n 








.1 
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“yield “ 

Safety factor = 1^ =1.69 
97.9 

4. Side Wall Compressive Stresse s 

Repeating the same calculations on the side wall containing 6 
electrical feedthroughs 
Supported load, W = 2319(.80) = 1855 lbs 
Net area, = [.80 - 6(. 063)]. 075 = .03165 

Hole Spacing Parameters 


c = -80 ~ -378 _ ^ 


b = .070 + .063 = .133 




Effects of Stress Concentration 

For an infinitely long wall with uniformly spaced holes, 

K. = 1.68 

tn 


_ 1 ro 1855 _ .98,464 psi 

— I • DO A-ii r c 


.03165 


Safety factor = gg-^ = 1.68 


D. Top Cover Stresses 

Material thickness, t = .040 inches 


Largest unsupported span = .73 x .80, oj = pta^ = . 287 ( .040)50000 = 574 psi 
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W = 574(.73 X .80) = 335 lbs 


L- 


max 


o - ^ = 64.492 psi 

.04‘^(1 + 1.61(.9125)'^) 


C> 


(74K psi if .035 thk) 


.1422(574). 73^ 


= .00451 in 


'nwv 7 Q 7 •w-rsji III 

3 X 10'(.04)'^(1 + 2.21a'^) (.0052 if .035 thk) 




Max Shear Stress, x = W 

2(£+w)t 


335 = 2736 psi. 

2 (.08+. 73). 040 


= 94 ksi 


E. Shelf Bending Stresses 



Per unit width M = .m':C!)x.287(50000)| 


(Maximum stress occurs at 
Point a) 


502.3 lb-in 




For 0 < X < 0.04 in 


I = = 3.57 X 10‘^in^ 


2 

0x = .04 in M = 502.3- ^ -- Q - 2 -^ = .4018 lb-in 


For a beam in bending with fillet radius r. 


122 



t 


» 


Maximum Bending Stress, = K.^ < 1.4 = 1970 psi 

max 3^57 ^ ^q-6 


Safety Factor = 83 


» 




4: 


( 
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^ APPENDIX 6 

TRANSMITTER RELIABILITY ANALYSIS 

Note : 

^ Failure rate calculations in this report make no allowance for cen- 

trifugal force. Acurex experience indicates that centrifugal force is con- 
siderably less of a factor than ambient temperature (which is factored into 
these calculations) - provided that appropriate packaging techniques and 
components are employed. 
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1.0 SCOPE 


This Reliability Prediction Report has been prepared at the request of 
Sani Toy, Project Engineer on the Multichannel Wireless Data Transmitter 
(MWDT). 


2.0 APPLICABLE DOCUMENTS 

The following documents, of the issue in effect on the date of contract 
award, form a part o^ the requirements of this document to the extent 
specified herein: 

RADC-TR'67-108 RADC Reliability Notebook (1967, Vol . II). 

RADAC Tymshare Tymcom-IX Manual. 


3.0 REQUIREMENTS 

There are no definitive reliability requirements for the f^DT. However, 
it is important that it survive a 30-hour test period with a high prob- 
ability of success. 


4.0 RELIABILITY PREDICTION MODEL 


A reliability model for the MWDT is shown in Figure 1. This model is a 
conservative series model; i.e., if any one component within the system 
fails, the entire system is considered failed. In addition, each of the 
components within the Hybrid Circuit Modules were considered in series. 


5.0 FAILURE RATES 


The part failure rates used in this prediction are from RADC Reliability 
Notebook RADC-TR-67-108. The failure^rates were^calculated at 25% 
stress for temperatures of 125°C, 150°C, and 175°C. A list of the part 
types, quantities and failure rates used is shown for each module in 
Tables I, II, and III. For the chip components used in the Hybrid 
Modules, the nearest standaru component equivalent failure rate was 
used. This approach should result in a slightly conservative estimate 
since the standard components are slightly more complex and, therefore, 
should have a higher failure rate than the chip component. All failure 
rates were calculated by a TYMSHARE computer program called "RADAC" 
which is a computerized version of the RADC Reliability Notebook RADC- 
TR-67-108. The failure rates were calculated considering both upper 
quality and lower quality parts. Upper quality parts are defined as 
those that receive burn-in and parts screening including 100% high- 
temperature screening. Lower quality parts are defined as those which 
do not receive burn-in or 100% high-temperature testing. Acurex 
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’s burning in and 100% high-temperature testing the hybrid circuits 
used in the MWOT and, therefore, the upper quality grade failure rates 
and MTBF should apply. 


\ 


6.0 RELIABILITY PREDICTION 


I A parts count estimate for each module at 125“C, 150”C, and 175"C is 

shown in Tables I, II, and III. Combining these failure rates in 
accordance with the reliability prediction model shown in Figure 1, 
the predicted MTBF's for each module was calculated as shown in 
Figure 2 at 125”C, 150”C, and 175"C. The total MTBF for the three 
hybrid modules as a system is 1,462,784 and 125 hours at temperatures 
I of 125‘'C, 150"C, and 175”C, respectively. 

The probability of success for a 30-hour test from Figure 2 is 97.9% 
(0 125“C), 96.2% (0 150"C), and 78.7% (0 US'C). 




129 


t 





130 


Note: System changes, since this work was performed, have simplified the Static Strain 

and Theimocouple models so that their reliability is now comparable to that of 
the Dynamic Strain transmitter when considered alone (EG, MTBF = 3,573 hrs 0 125 C). 
The "series" r.wdel , illustrated here, is no longer applicable. 






MTBF - Hours 



ASSEMBLY 

125“ C 

150“C 

175“C 

1. 

Static Strain Modulator 

4,486 

2,748 

503 

2. 

Thermocouple Scanner 

5,524 

2,121 

239 

3. 

Dynamic Strain Transmitter 

3,573 

2,269 

549 


TOTAL SYSTEM 

1,462 

784 

125 


Probability of Success 

= Reliability = 



where X 

= Failure 

Rate = 

1 

MTBF 


T 

= Test Time 




%_ 

Reliability 


ASSEMBLY 


150“C 

175“C 

1. 

Static Strain Modulator 

99 . 3 % 

98.9% 

94.2% 

2. 

Thermocouple Scanner 

99.4% 

98.6% 

88.2% 

3. 

Dynamic Strain Transmitter 

99.2% 

98.7% 

94.7% 


TOTAL SYSTEM* 

97.9% 

96.2% 

78.7% 


* 


See note in Figure G- 


1 . 


Figure G-2. MWDT MTBF and Reliability Summary. 
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TABLE G-1. MULTICHANNEL WIRELESS DATA TRANSMITTER MTBF g 125“C 


MOrULE 

1 

•r 

TflTlC STRAIN 

MQDULflTDP 



CIRCUIT 







PEF 

PRPT 


FfllLURES^-'MILLIDN HPS 



DESIG 

CODE 

QURNTITY 

UPPER QUflL 

LDWEP OUAL 

DERATING 

STRESS 

PI 

RN50C 

1. 000 

. 051509 

.£146£3 

.25 0 

. 25 0 

pa 

PN50C 

1. 000 

. 051509 

.£14623 

.250 

.250 

P3 

RN50C 

1. 000 

. 051509 

.214623 

.250 

.250 

R4 

RM50C 

i.-ooo 

. 051509 

.£14623 

.250 

.250 

R5 

RN50C 

1.000 

. 051509 

.214623 

.250 

. 25 0 

P6 

PN50C 

1. 000 

. 051509 

.214623 

.250 

. £50 

P7 

RN50C 

1. 000 

.051509 

.214623 

.250 

.250 

P? 

RC05 

1. 000 

. 16S80? 

.437016 

.250 

. 25 0 

P? 

RC05 

1. 000 

. IGSSO? 

.437016 

.250 

.250 

PIO 

PC 05 

1. 000 

. 16SS0? 

.437016 

.250 

. 25 0 

Pll 

PC 05 

1. 000 

. IGSSO? 

.437016 

.250 

. 25 0 

Rl? 

PC 05 

1. 000 

. IGSSO? 

.437016 

.250 

. 25 0 

PI 3 

PC 05 

1 . 0 0 0 

. IGSSO? 

. 437016 

.250 

. £5 0 

P14 

RN50C 

1.00 0 

. 051509 

.214623 

.250 

. 25 0 

P15 

PC 05 

1 . 000 

. 1 CSS 0? 

.437016 

.250 

.250 

PIG 

PN50C 

1. 000 

. 051509 

.214623 

. 250 

. 25 0 

PI? 

RC05 

1 . 0 0 0 

. IGSSO? 

. 437016 

.250 

. 25 0 

PIS 

RN50C 

1 . 0 0 0 

. 051509 

.214623 

.250 

. 25 0 

PI 9 

PC 05 

1 . 00 0 

. 16SS0? 

. 437016 

.250 

. £5 0 

P.30 

PC 05 

1 . 0 0 0 

. 1 Gc’S 0? 

. 437016 

. 250 

. £5 0 

P£1 

PN50C 

1. 000 

. 051509 

. 214623 

.£5fi 

. £5 0 

Pc'S 

PC 05 

1 . 0 0 0 

. IGSSO? 

.437016 

.250 

. 25 0 , 

P33 

RN50C 

1 . 0 0 0 

. 051509 

.£14623 

. 25 0 

. 25 0 

Cl 

CSP 

1 . 0 0 0 

. 01SS50 

. 12S497 

.250 

. £5 0 

C£ 

OCR 

1.00 0 

. 01SS50 

. 12S497 

.250 

. 25 0 

C 3 

CK 

1. 000 

. 1?3G01 

. SS3 0 05 

.250 

. 25 0 

C4 

CSP 

1.00 0 

. 012S50 

. 12S497 

.250 

. 25 0 

C5 

CSP 

1.000 

. 01SS50 

. 12S497 

.250 

. 25 0 

C6 

CK 

1 . 000 

. 1?3G01 

. SSS005 

.250 

. 25 0 

C7 

CK 

1.000 

. 173601 

. SSS 0 05 

. £5 0 

. 25 0 

CS 

CSR 

1.0 0 0 

. 012S50 

. 12S497 

. £50 

. 25 0 

C9 

CSR 

1.000 

. 0 1 £35 0 

. 12S497 

. 250 

. 25 0 

CIO 

CK 

1 . 000 

. 173601 

. SSS 005 

.250 

. 25 0 

Cll 

CSP 

1 . 0 0 0 

. 0 1 £S5 0 

. Ic'y497 

. 250 

. 25 0 

CIS 

CK 

1 . 0 0 0 

. 1 736 0 1 

. SSS 0 05 

. 250 

. 25 n 

C 1 3 

CSR 

1 . 0 0 0 

. 012S50 

. 128497 

. £50 

. 25 0 

C14 

CSP 

1 . 000 

. 012S50 

. 12S497 

. 250 

. 25 0 

Cl 5 

CSP 

1 . 0 0 0 

. 01£S50 

. 12S497 

.250 

. 25 0 

CIS 

CSP 

1 . 00 0 

. 0 1 £S5 0 

. 12S497 

. 25 0 

. £5 0 

Cl? 

CK 

1 . 00 0 

. 173601 

. SSS 0 05 

. 250 

. £5 0 

CIS 

CK 

1 . 0 0 0 

. 173601 

. SSS 0 05 

. £5 0 

. 25 U 

01 

FET 

1 . 0 0 0 

1 0. 436S77 

205. 137543 

.917 

. 25 0 

OS 

FET 

1 . 0 0 0 

1 0. 4 3t.S77 

205. 157543 

.917 

. £5 0 

03 

FET 

1 . 0 0 0 

10.4 36S77 

205. 1 37543 

.917 

. 25 0 

Hi 

IC 

1 . 0 0 0 

5£. 663966 

394 . 979742 

1.02 0 

1 . 02 0 

hS 

IC 

1 . 0 0 0 

7S. 99594S 

59c' . 46'36 1 4 

1 . 02 0 

1.02 0 

fi3 

IC 

1 . 0 0 0 

5£ . 66 3J966 

-"?4 . '?7'3742 

1.020 ■ 

1 . 02 0 

R4 

IC 

1 . 0 0 0 

1 . 755466 

13. 165991 

1.020 

1 . 02 0 ■ 

h5 

IC 

1 . 00 0 

1 . 755466 

13. 165991 

1.020 

1 . 02 0 ■■ 


i 
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TABLE G-1. MULTICHANNEL WIRELESS DATA TRANSMIHER MTBF 0 125“C (continued) 


MODULE « 2 THERMOCOUPLE SCANNER 

CIRCUIT 


REF 

PART 


FAILURES-'MILLION HRS 



DESIG 

CODE 

QUANTITY 

UPPER QUAL 

LOWER QUAL 

DERATING 

STRESS 

R1 

RC05 

1. 000 

. 162807 

.437016 

.250 

.250 

R2 

RC05 

1. 000 

. 162807 

.437016 

.250 

.250 

R3 

RC05 

1. 000 

. 162807 

.437016 

.250 

.250 

P4 

PC 05 

1. 000 

. 162807 

.437016 

.250 

.250 

R5 

PC 05 

1. 000 

. 162807 

.437016 

.250 

.250 

R6 

PC 05 

1. 000 

. 162807 

.437016 

.250 

.250 

P7 

PC 05 

1. 000 

. 162807 

.437016 

.250 

.250 

P8 

PC 05 

1. 000 

. 162807 

.437016 

.250 

.250 

P9 

PC 05 

1. 000 

. 162807 

.437016 

.250 

.250 

PIO 

PC 05 

1.000 

. 162807 

.437016 

.250 

.250 

Cl 

CK 

1.000 

. 173601 

.888005 

.250 

.250 

C2 

CK 

1.000 

. 173601 

.888005 

.250 

.250 

C3 

CK 

1. 000 

. 173601 

.888005 

.250 

.250 

C4 

CK 

1.000 

. 173601 

. 888 0 05 

.250 

.250 

C5 

CK 

1. 000 

. 173601 

.888005 

.250 

.250 

C6 

CK 

1.000 

. 173601 

. 888005 

.250 

.250 

C7 

CK 

1.000 

. 173601 

.888005 

.250 

.250 

C8 

CK 

1.000 

. 173601 

.888005 

.250 

.250 

C9 

CK 

1.000 

. 173601 

.388005 

.250 

.250 

CIO 

CK 

1.000 

. 173601 

.883005 

.250 

.25 0 

Cll 

CK 

1.000 

. 1 73601 

.888005 

.250 

.25 0 

C12 

CK 

1.000 

. 173601 

.888005 

.250 

.250 

C13 

CK 

1.000 

. 173601 

.388005 

.250 

.250 

01 

FET 

1.000 

10.436877 

205. 137543 

.917 

.25 0 

02 

FET 

1.000 

10.436877 

205. 137543 

.917 

.250 

03 

FET 

1.000 

10.436877 

205.137543 

.917 

.25 0 

04 

FET 

1.000 

10.436877 

205. 137543 

.917 

.250 

05 

FET 

1.000 

10.436877 

205. 137543 

.917 

.250 

06 

FET 

1.000 

10.436877 

205. 137543 

.917 

.250 

07 

FET 

1.000 

10.436877 

205. 137543 

.917 

.250 

08 

FET 

1.000 

10.436877 

205. 137543 

.917 

.250 

09 

FET 

1. 000 

10.436877 

205. 137543 

, 917 

.250 

010 

FET 

1.000 

10.436877 

205. 137543 

.917 

.250 

on 

FET 

1. 000 

10.436877 

205. 137543 

.917 

250 

012 

FET 

1. 000 

10.436877 

205. 137543 

.917 

.250 

013 

FET 

1. 000 

10.436877 

205. 137543 

.917 

.25 0 

014 

FET 

1. 000 

10.436877 

205. 137543 

. 917 

.250 

015 

FET 

1. 000 

10.436877 

205. 137543 

.917 

.25 0 

016 

FET 

1. 000 

10.436877 

205. 137543 

.917 

.25 0 

017 

QSP 

1. 000 

4. 018585 

39.735852 

.917 

.250 

A1 

IC 

1. 00 0 

2.633198 

19.748987 

1. 020 ^ 

1. 020 

A2 

IC 

1.000 

3.510931 

26.331983 

1. 020 

t . 02 0 
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TABLE G-1. MULTICHANNEL WIRELESS DATA TRANSMITTER MTBF 0 12S»C (continued) 

MODULE « 3 DYNRMIC STRRIN TRANSMITTER 

CIRCUIT 


REF 

PART 


FAILURES^ MILL I ON HRS 



DESIG 

CODE 

QUANTITY 

UPPER QUAL 

LOWER QUAL 

DERATING 

STRESS 

PI 

RNSOC 

1. 000 

. OS IS 09 

.S148S3 

.250 

.250 

p.a 

PNSOC 

1. 000 

. 0S1S09 

.S148S3 

.250 

.250 

P3 

RCOS 

1.000 

. 16S807 

. 437 01b 

.250 

.25 0 

P4 

PNSOC 

1. 000 

. 05 IS 09 

.214883 

.250 

.250 

P5 

RNSOC 

1.000 

. 051509 

.214823 

.250 

.25 0 

P6 

RCOS 

1. 000 

. 16S807 

.437018 

. 25 0 

.250 

PS 

RNSOC 

1. 000 

. 051509 

.214823 

.250 

.25 0 

PS 

RCOS 

1. 000 

. 16S807 

.437018 

.250 

.250 

PIO 

RCOS 

1. 000 

. lbS807 

.437018 

.250 

.250 

Pll 

PNSOC 

1. 000 

. OS 15 09 

.214823 

.250 

.250 

R12 

RNSOC 

1.000 

. 051509 

.214823 

.250 

.250 

PI 3 

RNSOC 

1 . 000 

. 051509 

.214623 

.250 

.250 

P14 

RNSOC 

1. 000 

. 051509 

.214623 

■ c*5 0 

.25 0 

P17 

PC OS 

1. 000 

. 16S807 

.437016 

.250 

.250 

PIS 

RCOS 

1. 000 

. lbS807 

.437018 

. 250 

.250 

PI 9 

RCOS 

1. 000 

. lbS807 

.437018 

.250 

.25 0 

P20 

RNSOC 

1.000 

. 051509 

. c! 1 4823 

.250 

.25 0 

RSI 

RCOS 

1 . 000 

. lbS807 

.437018 

.250 

.250 

PSS 

l?NSOC 

1 . 0 0 0 

. 051509 

.214823 

.250 

.250 

PS3 

RNSOC 

1.000 

. 051509 

.214623 

. 250 

.25 0 

PSS 

PC OS 

1 . 00 u 

. lbS807 

.437018 

.250 

.250 

Cl 

CSR 

1 . 000 

. 01S850 

. 128497 

.250 

. 25 0 

CS 

CSR 

1. 000 

. 01S8S0 

. 1 28497 

.250 

. 25 0 

C3 

CSP 

1. 000 

. 01S850 

. 128497 

. 25 0 

.25 0 

C4 

CSP 

1. 000 

. 01S850 

. 128497 

.250 

.25 0 

CS 

CSP 

1 . 000 

. 01S850 

. 128497 

.250 

.25 0 

Cb 

CK 

1 . 000 

. 173b01 

. 888005 

.250 

.250 

C7 

CSR 

1.000 

. 01S850 

. 128497 

.250 

.25 0 

CS 

CK 

1 . 000 

. 173b 01 

.888005 

.250 

. 25 0 

r 

CSP 

1. 000 

. 012850 

. 128497 

.250 

.25 0 

CIO 

CSP 

1. 000 

. 01SS50 

. 128497 

.250 

. 25 0 

Cl 1 

CK 

1 . 000 

. 1 73b 0 1 

. 888 0 05 

.250 

.25 0 

C 1 s 

CK' 

1 . 0 0 0 

. 173b 01 

. 888 0 05 

.250 

. 25 0 

CIS 

CSP 

1 . 0 0 0 

. 01S850 

. 128497 

. 250 

.250 

C 1-S 

CSP 

1 . 000 

. 01S850 

. 128497 

. 250 

. 25 0 

C 1 b 

CK 

1 . 0 0 0 

. 173b01 

.888005 

. 25 0 

.250 

Q1 

QSP 

1 . 000 

4. 018585 

39. 735852 

.917 

.250 

Dl' 

CPS 

1 . 0 0 0 

. S330b0 

1 . 248359 

.917 

. 25 0 

DS 

CPS 

1 . 0 0 0 

. S330b0 

1 . 248359 

.917 

. 25 0 

DS 

ZEN 

1 . 0 0 0 

S. 059803 

2 0. fl'=ibfi3 0 

.917 

. 25 0 

Ii4 

VAR 

1 . 00 0 

c’b . c'S 0984 

128.754818 

. 917 

. 25 0 

Hi 

IC 

1 . 0 0 0 

5S . bt 3988 

394.979742 

1.020 

1 . 02 0 

AS 

IC 

1 . 0 0 0 

78.995948 

592.489814 

1.020 

1 . 02 0 

A? 

IC 

1 . 00 0 

78.995948 

592.489814 

1.020 

1 . 02 0 

R4 

IC 

1 . 0 0 0 

r' ■ 

59.248981 

1.020 • 

1 . 02 0 

AS 

IC 

1 . 0 0 0 

S5. 454S50 

1 9 U . 9 0 8 y 7 8 

1 . 02 0 

1 . 02 0 
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TABLE G-1. MULTICHANNEL WIRELESS DATA TRANSMITTER MTBF @ 125°C (continued) 


C. 


<<< EQUIPMENT FAILURE TABLE >>> 


- EQUIPMENT NAME 

MULTICHANNEL WIRELESS DATA TRANSMITTER 

- ENS^IPDNMENTAL SERVICE CONDITION 


MODULE NAME 


AIRBORNE UNINHABITED 
QUANTITY 


FAILURE- MILLION HRS 
QUALITY GRADE 


<UQG> 


<LQG> 


C 


STATIC STRAIN 

MODULATOR 

1 

222.91098 2039.18587 

THERMOCOUPLE 

SCANNER 

1 

181.03763 3383.93174 

DYNAMIC STRAIN TRANSMITTER 1 

TOTAL 

3 

<<< EQUIPMENT MTBF >>> 

279.88485 2031.34984 

683 . 83346 7454 . 46^45 

IJOG - 

1.462 HRS 

LQG - 

134 HRS 


<<< FAILURE RATE DISTRIBUTION 
CRANKED ORDER? UQG> 

>>> 

PART 


FAILURE 

PERCENT 

CODE 

QUANTITY 

RATE 

CDNTRIBUTIDN 

IC 

12. 000 

437.98865 

64.049 -i 

FET 

19. 000 

198.30067 

28.998 

VAR 

1.000 

26.25096 

3.839 

QSP 

2. 000 

8. 03717 

1.175 •; 

PC 05 

30. 000 

4.83420 

.714 ^ 

CK 

25. 000 

4.34003 

.635 % 

ZEN 

1 . 000 

2. 05960 

.301 \ 

RN50C 

24. 000 

1.23623 

.181 7. 

CPS 

- 2.000 

.46612 

.068 

CSP 

21. 000 

.26984 

.039 % 

TOTAL 

137. 000 

683. 83346 

1 00. 000 


(. 
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TABLE G-2. MULTICHANNEL WIRELESS DATA TRANSMITTER MTBF 0 150°C 


MDOULE 

9 1 

i ' 

'.flTIC STRfilM 

NODULPTOR 




CIRCUIT 


1 






REF 

P8RT 

; 

FRILLIRES/MILLIDN HRS 




OESIG 

CODE 

QURNTifTY 

« 

JPPER QU8L 

LOWER QU8L 

DER8TING 

STRESS 

R1 

RN50C 

l.,000 

. 063363 

.264013 

.250 

.250 


R2* 

RN50C 

i.Iooo 

. 063363 

.264013 

.250 

.250 


R3 

RN50C 

i.'ooo 

. 063363 

.264013 

.250 

.250 


R4 

RN50C 

1.000 

. 063363 

.264013 

.250 

.250 


R5 

RN50: 

1.000 

. 063363 

.264013 

.250 

.250 


R6 

RN50C 

1.000 

. 063363 

.264013 

.250 

.250 


R7 

RN50C 

1. 000 

. 063363 

.264013 

.250 

.250 


R8 

RC05 

1.000 

.408188 

1. 050471 

.250 

.250 


R9 

RC05 

1.000 

.408188 

1.050471 

.250 

.250 


RIO 

RC05 

1.000 

.403188 

1. 050471 

.250 

.250 


Rll 

RC05 

1.000 

.408188 

1. 050471 

.250 

.250 


R12 

RC05 

1. 000 

.408188 

1. 050471 

.250 

.250 


R13 

RC05 

1.000 

.408188 

1. 050471 

.250 

.250 


R14 

PN50C 

1. 000 

. 063363 

.264013 

.250 

.250 


R15 

RC05 

1. 000 

.408188 

1.050471 

.250 

.250 


R16 

RN50C 

1. 000 

. 063363 

.264013 

.250 

.25 0 


R17 

RC05 

1. 000 

.408188 

1. 050471 

.250 

.250 


R18 

RN50C 

1. 000 

. 063363 

.264013 

.250 

.250 


R19 

RC05 

l.,000 

.408188 

1. 050471 

.250 

.250 


R20 

RC05 

I.'OOO 

.408188 

1. 050471 

.250 

.250 


R21 

PN50C 

1. 000 

. 063363 

.264013 

.250 

.250 


R22 

RC05 

1. 000 

.408188 

1. 050471 

.250 

.25 0 


R23 

RN50C 

I.'OOO 

. 063363 

.264013 

.250 

.250 


Cl 

CSR 

1. 000 

. 072922 

. 729222 

.250 

.250 


C2 

CSR 

1. 000 

. 072922 

. 729222 

.250 

.250 


C3 

CK 

1. 000 

2.295604 

11.498018 

.250 

.250 


C4 

CSR 

1.000 

. 072922 

.729222 

.250 

.250 


C5 

CSR 

1. 000 

. 072922 

. 729222 

.250 

.25 0 


C6 

CK 

1.000 

2.295604 

11.498018 

.250 

.25 0 


C7 

CK 

1.000 

2.295604 

11.498018 

.250 

.25 0 


C8 

CSR 

1 . 0 0 0 

. 072922 

. 729222 

.250 

.250 


C9 

CSR 

1.000 

. 072922 

. 729222 

.250 

.250 


CIO 

CK 

1.000 

2.295604 

11.498018 

.250 

.250 


Cll 

CSR 

1.000 

. 072922 

. 729222 

.250 

.250 


C12 

CK 

1.000 

2.295604 

11.498018 

.250 

.250 


C13 

CSR 

1. 000 

. 072922 

. 729222 

.250 

.25 0 


C14 

CSR 

1 . 000 

. 072922 

. 729222 

.250 

.250 


C15 

CSR 

1.000 

. 072922 

. 729222 

.250 

.25 0 


C16 

CSR 

1.000 

. 072922 

.729222 

. 25 0 

.25 0 


C17 

CK 

I.'OOO 

2.295604 

1 1.498018 

.250 

. 25 0 


C18 

CK 

1 . 000 

2.295604 

11.498018 

.250 

.250 


Q1 

FET 

1,000 

26. 147970 

519.359408 

1 . 083 

.250 


Q2 

FET 

I.'OOO 

26. 147970 

519.359408 

1 . 083 

.250 


03 

FET 

1.000 

26. 147970 

519.359408 

1 . 083 

.250 


fil 

IC 

1.000 

73.837936 

553.784518 

1.270 

1.270 


82 

IC 

1 . 000 

110.756904 

830.676778 

1.270 

1.270 


83 

IC 

1 - 000 

73.837936 

553.784518 

1.270 

1.270 


84 

IC 

1 JOOO 

2.461265 

18.459484 

1.270 

1.270 


85 

IC 

1 Jooo 

2.461265 

18.459484 

1.270 

1.270 
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TABLE 6-2. MULTICHANNEL WIRELESS DATA TRANSMITTER MTBF 0 150“C (continued) 




t 


MODULE « 2 THERMOCOUPLE SCRNNER 

CIRCUIT 


REF 

PART 


FAILLIRES.''MILLIDN HRS 





DESIG 

CODE 

QUANTITY 

UPPER QUAL 

LOWER QUAL 

DERATING 

STRESS 

R1 

RC05 

1.000 

.408138 

1. 050471 

.250 


.250 


R2 

RC05 

1.000 

.408188 

1. 050471 

.250 


.250 


R3 

PC 05 

1. 000 

.408188 

1. 050471 

.250 


.250 


R4 

PC 05 

1. 000 

.408188 

1. 050471 

.250 


. 250 


R5 

RC05 

1. 000 

.403188 

1. 050471 

.250 


.250 


R6 

RC05 

1.000 

.408138 

1. 050471 

.250 


.25 0 


R7 

RC05 

1. 000 

.403188 

1.050471 

.250 


.25 0 


R3 

RC05 

1. 000 

.408188 

1. 050471 

.250 


.250 


P9 

PC 05 

1.000 

.408138 

1. 050471 

.250 


.250 


PIO 

RC05 

1. 000 

.408188 

1. 050471 

. 250 


.250 


Cl 

CK 

1. 000 

2.295604 

11.498018 

.250 


.250 


C2 

CK 

1.000 

2.295604 

11.498018 

.250 


.250 


C3 

CK 

1. 000 

2.295604 

11.493018 

.250 


.250 


C4 

CK 

1.000 

2.295604 

11.498018 

.250 


.250 


C5 

CK 

1 . 000 

2.295604 

11.498018 

.250 


.250 


C6 

CK 

1.000 

2.295604 

11.498013 

.250 


.250 


C7 

CK 

1. 000 

2.295604 

11.493018 

.250 


.250 


C3 

CK 

1 . 000 

2.295604 

11.498018 

.250 


. 250 


C9 

CK 

1 . 000 

2.295604 

11.493018 

.250 


.25 0 


CIO 

CK 

1.00 0 

2.295604 

1 1 . 493 0 1 8 

.250 


.25 0 


Cl 1 

CK 

1. 000 

2.295604 

11.498018 

.250 


. 25 0 


C12 

CK 

1.000 

2.295604 

1 1 . 498018 

.250 


.25 0 


Cl 3 

CK 

1 . 000 

2.295604 

1 1 . 498018 

.250 


. 25 0 


Q1 

FET 

1. 000 

26. 147970 

519.359408 

1 . 083 


.25 0 


Q2 

FET 

1. 000 

26. 147970 

519. 359403 

1 . 083 


. 250 

.A .A 

03 

FET 

1. 000 

26. 147970 

519.359408 

1 . 033 


.250 

ysxv. 

04 

FET 

1.000 

26. 147970 

519. 3594 08 

1 . 083 


.250 

.Ays 

05 

FET 

1. 000 

26. 147970 

519. 3594 08 

1 . 083 


.250 

.A .A 

03 

FET 

1. 000 

26. 147970 

519. 359408 

1 . 083 

.*x 

. 25 0 

.A/S 

07 

FET 

1 . 000 

26. 147970 

519. 359408 

1 . 033 

y*. 

. 25 0 

.A .A. 

03 

FET 

1 . 000 

26. 147970 

519.359408 

1 . 033 


.250 

Xs A 

09 

FET 

1 . 000 

26 . 1 4797 0 

519.359408 

1 . 083 

y\ 

.25 0 

.A .A 

010 

FET 

1. 00 0 

26. 147970 

519.359408 

1 . 033 

Xv y% 

.250 

••.X*. 

on 

FET 

1. 000 

26. 147970 

519.359408 

1 . 083 

.*\yv 

. 25 0 

X'. .A 

012 

FET 

1. 000 

26. 147970 

519. 359408 

1 . 083 

y% y\ 

. 25 0 

.A A 

013 

FET 

1. 000 

26. 147970 

519.359408 

1 . 083 

y*. y*. 

.250 

•A A 

014 

FET 

1. 000 

26. 147970 

519.359408 

1 . 083 


.250 

.A A 

015 

FET 

1. 000 

26. 147970 

519.359408 

1 . 083 

y*. y-. 

.25 0 

X*. .A 

016 

FET 

1. 000 

26. 147970 

519.359408 

1 . 083 

y\ .A. 

.25 0 

.A A 

017 

QSP 

1.00 0 

10.561813 

105. 163127 

1 . 083 

.'v y*. 

.250 

X-. A 

ril 

IC 

1 . 0 0 0 

3.691897 

27 . 689226 

1.270 

y*. .A 

1.270 

X*..A 

R2 

IC 

1. 000 

4.922529 

36' .91 896'8 

1.270 

.A .A 

1.2 r' 0 

X*. .A 
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TABLE 6-2. MULTICHANNEL WIRELESS DATA TRANSMITTER MTBF @ 150°C (continued) 


MODULE « 3 DYNAMIC STRAIN TRANSMITTER _ | 

I 

CIRCUIT 


REF 

PART 


FAILURES.''MILLIDN HRS 





■ 

DESIG 

CODE 

QUANTITY 

UPPER QUAL 

LDWER QUAL 

DERATING 

STRESS 

! 

i 

PI 

RN50C 

1. 000 

. 063363 

.264013 

.250 


.250 


t 

i 

P£ 

RN50C 

1 . 00 0 

. 063363 

.264013 

.250 


.250 



P3 

RC05 

1. 000 

.4081S8 

1.050471 

.250 


.250 



R4 

RN50C 

1. 000 

. 063363 

.264013 

.250 


.250 



P5 

RN50C 

1.000 

. 063363 

. 264013 

.250 


.25 0 



P6 

PC 05 

1 . 000 

.408188 

1. 050471 

.250 


.25 0 



PS 

PN50C 

1 . 0 0 0 

. 063363 

.264013 

.250 


.250 



P-3 

RC05 

1 . 000 

.408188 

1. 050471 

.250 


.250 



P 1 0 

PC 05 

1 . 000 

.408188 

1 . 050471 

.250 


.250 



PI 1 

PN50L 

1 . 000 

. O 63363 

. 264 0 1 3 

. <■-'_• ij 


. 25 0 



Rlc- 

RN50C 

1 . 000 

. 063363 

.264013 

.250 


.250 



PI 3 

RN50C 

1 . 00 0 

. 063363 

.264013 

.250 


.250 



PI 4 

RN50C 

1 . 000 

. 06S!363 

.264013 

. 250 


. 250 



PI? 

RC05 

1. 000 

. 4 08 1 88 

1 . 050471 

.250 


.250 



PIS 

RC05 

1.00 0 

.408188 

1 . 050471 

.250 


.250 



PI -3 

PC 05 

1.000 

.408188 

1 . 050471 

. 250 


.250 



P£0 

RN50C 

1. 00 0 

. U 63363 

. 264013 

. 25 0 


.250 



P£1 

PC 05 

1 . 0 0 0 

.408188 

1. 050471 

. 250 


. 250 



P£S 

RN50C 

1 . 0 0 0 

. 063363 

.264013 

■ iz!^ 0 


.25 0 


- 

P£3 

PN50C 

1.00 0 

. 063363 

.264013 

.250 


.25 0 



PS 5 

PC 05 

1 . 0 0 0 

.408188 

1 . 050471 

.250 


.250 



Cl 

CSR 

1 . 0 0 0 

. 07S-3SS 

. 723222 

.250 


.250 



CS 

CSP 

1.00 0 

. 07S-3SS 

. 723222 

.250 


. 250 



C3 

CSR 

1 . 0 0 0 

. 072-3S2 

. 729222 

. 250 


. 25 0 



C4 

CSP 

1 . 0 0 0 

. 072322 

• Fc*'?c'c*£ 

.250 


. 25 0 



C5 

CSR 

1 . 000 

. 072322 

. 723222 

. 250 


.250 



C6 

CK 

1.00 0 

2.235604 

1 1 . 438 0 1 8 

. 250 


.250 



L 1 

CSP 

1. 000 

. 072322 

. 723222 

. 250 


. 250 




CK 

1 . 0 0 0 

2.2-35604 

11.438018 

. 25 0 


. 25 0 



C9 

CSP 

1 . 0 0 0 

. 072322 

. 723222 

. 25 0 


.25 0 



C 1 0 

CSP 

1 . 0 0 0 

. 072322 

. 723222 

. 25 0 


.25 0 



Cl 1 

CK 

1 . 0 0 0 

2.235604 

1 1.438018 

. 25 0 


. 25 0 



CIS 

CK 

1 . 0 0 0 

2.235604 

1 1 . 438018 

. 25 0 


. 25 0 



i:i3 

CSP 

1 . 0 0 0 

. 072322 

. 723222 

. 25 0 


. 25 0 



C 1 5 

CSR 

1 . 0 0 0 

. 072322 

. 723222 

.250 


. 25 0 



i: 1 6 

CK 

1 . 00 0 

2.2-356 04 

1 1.4-38018 

. 25 0 


. 25 0 



01 

QSP 

1 . 00 0 

1 0.561813 

1 05. 168127 

1 . 083 


.25 0 



D1 

CPS 

1 . 00 0 

. 766280 

4 . 44768 0 

1 . 083 

,A. 

. 250 

.A. 


ns 

CPS 

1 . 00 0 

. 76628 0 

4.447680 

1 . 0-83 

.•\.***. 

. 25 0 



D3 

ZEN 

1 . 0 0 0 

4.8-35-374 

48.413744 

1 . 083 


. 25 0 

.A. A 


D4 

VRP 

1 . 0 0 0 

65. 004334 

32 0 . 524368 

1 . 083 


.25 0 

.A. .A. 


A1 

IC 

1 . 0 0 0 

73 . 837336 

553. 784518 

1.270 


1.270 



AS 

IC 

1 . 0 0 0 

110.756304 

830. 676778 

1 . 270 


1.270 

.A, .A. 


A3 

IC 

1. 00 0 

110.756304 

830. 676778 

1.270 


1.27G 

XsA 


G4 

IC 

1 . 0 0 0 

1 1 . 075630 

S3. 067678 

1.270 


1.270 

.'v A, 


A5 

IC 

1 . 0 0 0 

35 . 688336 

267.662517 

1.270 

y*. 

1 . 27 0 
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TABLE G-2. MULTICHANNEL WIR’* 


DATA TRANSMITTER MTBF 0 150“C (continued) 


<<< EQUIPMENT FAILURE TABLE >>> 


- EQUIPMENT NAME 

MULTICHANNEL UIPELESS DATA TRANSMITTER 

- ENVIRONMENTAL SERVICE CONDITION AIRBORNE UNINHABITED 


MODULE NAME 

STATIC STRAIN MODULATOR 
THERMOCOUPLE SCANNER 
DYNAMIC STRAIN TRANSMITTER 


TOTAL 


QUANTITY 


FAILURE 'MILLION HRS 
QUALITY GRADE 
<UQG> <LQG> 


1 

1 

1 


363.92101 

471.46849 

440.75240 


3636.47391 

8639.50578 

3126.28117 


1276.14191 15402.26086 


<<< EQUIPMENT MTBF .. >> 


UQG 


784 HRS LQG 


65 HRS 


<<<■ FAILURE RATE DISTRIBUTION >>> 



CRANKED 

ORDERS UQG> 


PART 


FAILURE 

PERCENT 

CODE 

QUANTITY 

RATE 

CONTRIBUTION 

IC 

1 2 . 0 0 0 

614. 0855 0 

48. 120 ^ 

FET 

19. 000 

496.81144 

38.931 ^ 

VAR 

1 . 0 0 0 

65. 00499 

5. 094 

CH: 

25. 000 

57.39009 

4.497 

QSP 

2 , 0 0 0 

21. 12363 

1.655 ^ 

RC 05 

3 0 . 0 ij 0 

12. 24565 

.960 \ 

ZEN 

1 . 0 0 0 

4.89597 

.384 

CRS 

2 . 0 0 0 

1 . 53256 

.120 ^ 

CSR 

21 . 000 

1.53137 

. 120 

RN5 OC 

24. 000 

1.52071 

.119*; 

TOTAL 

137. 000 

1276. 14191 

100.000 ^ 
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TABLE G-3. MULTICHANNEL WIRELESS DATA TRANSMITTER MTBF @ 175°C 
MODULE 1 STATIC STRAIN MODULATOR 


CIRCUIT 

REF 

DESIC 


FAILURES- MILLION HRS 

CODE GUANTITY UPPER QUAL LOWER QUAL DERATING STRESS 


PI 

P£ 

P3 

P4 

P5 

P6 

P7 

P.9 

P9 

PI ri 

PI 1 
PIS 
P 1 :3 
PI 4 
P15 
PI 6 
PI 7 
P 1 8 
PI 9 

fi 

P9l 

P99 

P£2. 

Cl 


C4 


: 1 1'l 
111 
:i£ 
: 1 3 
114 
: 1 5 
116 
:i7 
:i8 
■'1 


Hi 

AS 

H? 

A4 

h5 


RN50C 

PN50C 

PN50C 

PN5CIC 

PN50C 

RN50C 

PN5 CiC 

PC 05 

PC 05 

PC 05 

PC 05 

RC 05 

PC 05 

PN5 OC 

RC05 

RN5 OC 

PC 05 

PN5 OC 

PC 05 

RC 05 

PN5 OC 

PC 05 

PN50C 

CSP 

CSR 

CK 

CSP 

CSP 

CK 

C:K 

CSP 

CSP 

CK 

CiP 

CK' 

CSP 

CSP 

CSF' 

CSP 

CK 

CK 

FET 

FET 

FET 

IC 

IC 

IC 

IC 

IC 


1 . 000 

. 073304 

. 3S6S63 

. S5 0 

. S5 0 

1 . 0 0 0 

. 073304 

. 3S6S6S 

. S50 

. S5 0 

1 . 0 0 0 

. 073304 

. 3S6S63 

. S50 

.S5 0 

1 . 0 0 0 

. 073304 

. 3S6S68 

.S5 0 

. S5 0 

1 . 0 0 0 

. 073304 

. 3S6S63 

. S50 

. S5 0 

1 . 00 0 

. 0783 04 

. 3S6S68 

. S5 0 

. S5 0 

1 . 0 0 0 

. 0733 04 

. 3S6S63 

. S5 0 

. S5 0 

1 . 0 0 0 

1 • U (■’ 5iz! U5 

S. 71301 3 

. S50 

. S5 0 

1 . 0 0 0 

1 . 075S05 

S. 71301 3 

. S50 

. S5 0 

1 . 0 0 0 

1 . 075S05 

S . 7 1 3 0 1 3 

.S50 

. S5 0 

1 . 0 0 0 

1 . 075S 05 

S. 713013 

. S50 

. S5 0 

1 . 00 0 

1. 075S05 

S . 7 1 3 0 1 3 

. S5 0 

. S5 0 

1 . 0 0 0 

1 . 075S05 

S. 713013 

. S50 

. S5 0 

1 . 00 0 

. 073304 

. -3S6S6y 

. S5 0 


1 . 0 0 0 

1 . 075S05 

S . 7 1 3 0 1 3 

. S50 

. S5 0 

1 . 0 0 0 

. 0783 04 

. 3S6S63 

. S50 

. S5 0 

1 . 0 0 0 

1 . 075S05 

S . 7 1 3 0 1 3 

.S50 

. S5 0 

1 . 0 0 0 

. 073304 

. 3S6S63 

. S5 0 

. S5 0 

1 . 0 0 0 

1 . 075S05 

S . 7 1 3 0 1 3 

. S5 0 

. S5 0 

1 . 0 0 0 

1 . 075S05 

c' ■ r' 1 y l_l 1 I* 

. S50 

. S5 0 

1 . 0 0 0 

. 073304 

. SS6S63 

. S50 

. S5 0 

1 . U 1.1 u 

1 . 075S05 

S. 713013 

. S5 0 

. S5 0 

1 . 0 0 0 

■ LI i'* y 3 I.l *4 

. 3S6S63 

■ c! 5 LI 

. S5 0 

1 . 0 1.1 0 

lY. i.il 1 041 

19 0. 11 04 09 

. S5 0 

. S5 0 

1 . U 0 0 

lY. 01 1 041 

190. 11 0409 

. S5 0 

. S5 0 

1 . I.I I.l u 

1 4 IJ . 7 OS 06 0 

703. 530301 

. S50 

. S5 0 

1 . iJ 0 1.1 

r-i. iJl 1 041 

190.11 0409 

. S5 0 

. S5 0 

1 . LI U U 

lY. IJl 1 ■■'41 

1 9 0 . 11 04 09 

. S50 

. S5 0 

1 . u 0 0 

1 4 IJ . 7 i.ic: U6 0 

703. 530301 

. S50 

. S5 0 

1 . 0 U 1.1 

14 0.7 OS 06 0 

703. 5303ril 

. S5 0 

. S5 0 

1 . 0 0 0 

1 . 0 1 1 04 1 

190. 1 1 04 09 

. S5 0 

. P5 0 

1 . 0 0 0 

r? . 0 1 1 i:i4 1 

190. 1 1 0409 

. S5 0 

. S5 0 

1 . 0 0 0 

1 4 . . OS 06 0 

703. 530301 

. S5 0 

. S50 

1 . 0 IJ I.l 

1 . '.'11 04 1 

190. 1 1 0409 

. S5 0 

. S5 0 

1 . 0 0 0 

14 0.7 OS 06 0 

703. 530301 

, SS' 0 

. 35 0 

1 . 0 0 0 

1 ■? . 0 1 1 04 1 

19 0. 1 1 04 09 

. S5 0 

. S5 0 

1 . 0 0 0 

r? . 0 1 1 04 1 

190. 11 0409 

. S50 

. S50 

1 . I.l 0 0 

1 .Oil 04 1 

190. 1 1 0409 

. S50 

. S5 0 

1 . I.l 0 I.l 

1 Y . IJ 1 1 04 1 

190. 1 1 0409 

. S5 0 

. S50 

1 . I.l '.1 I.l 

14 0.7 OS 06 0 

7 0 3 . 53 0 5 0 1 

. S5 0 

. S5 0 

1 . 0 0 0 

14 0.7 OS 06 0 

703. 550301 

. S50 

. S5 0 

1 . I.l I.l 1.' 

14s. S3l 067 

S34S. OS 1734 

1.S50 

. S5 0 

1 . 0 0 0 

1 4S . S3 1 037 

s34s. iJS 1 734 

1.S50 

. S5 0 

1 . 0 0 0 

14S. S31 037 

S34S. OS 1734 

1.S50 

. S5 0 

1 . 0 0 0 

•?'='. 7 0 '9333 

747. 3S41 16 

1.5S0 

1.5S0 

1 . 0 0 0 

149. 564SS3 

1 ISl . 736175 

1.5S0 

1 . 5S 0 

1 . 0 0 0 

9'^. 70933S 

7 4 1 ■ . y s 4 1 16 

1.5S0 "■ 

1 . 5S0 

1 . 0 0 0 

3. S' S '36 6 3 

S4. 9S7471 

1.5 SO 

1 . 5S0 

1 . 0 0 ij 

3. rlSSir.b 3 

S4. 9S7471 

i.5S0 

1 . 5S 0 
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TABLE G-3. MULTICHANNEL WIRELESS DATA TRANSMITTER MTBF O 175"C (continued) 


MODULE 

D 

%r C. 

THERML-'CaPLE 

SCANNER 





CIRCUIT 









REF 

PRRT 


FR I LURES/M ILL I DN HRS 





DESIG 

CODE 

QUANTITY 

UPPER QIJRL 

LOWER QIJRL 

DERATING 

STRESS 

R1 

RC05 

1. 000 

1. 075E05 

£.718013 

.£50 


.£5 0 


RE 

RC05 

1. 000 

1. 075S05 

E. 718013 

.£50 


.£50 


R3 

RC05 

1. 000 

1. 075S05 

£.718013 

.£50 


.£50 


R4 

RC05 

1. 000 

1. 075E05 

£.718013 

.£50 


.£50 


R5 

RC05 

1. 000 

1. 075E05 

£.718013 

.£50 


.£5 0 


R6 

RC 05 

1. 000 

1. 075E05 

£.718013 

.£50 


.£50 


R7 

RC05 

1. 000 

1. 075E05 

£.718013 

.£50 


.£5 0 


R8 

RC 05 

1. 000 

1. 075S05 

£.713013 

.£50 


.£50 


R9 

RC05 

1. 000 

1. 075E05 

£.718013 

.£50 


.£50 


RIO 

RC05 

1. 000 

1. 075E05 

£.718013 

.£50 


.£5 0 


Cl 

CK 

1. 000 

140.70E060 

703.530301 

.£50 


.£5 0 


CE 

CK 

1. 000 

140.70E060 

703.530301 

.£50 


.£50 


C? 

CK 

1. 000 

140.70E060 

703.530301 

. £50 


.£5 0 


C4 

CK 

1. 000 

140. 7 OE 060 

703.530301 

.£50 


. £5 0 


C5 

CK 

1 . 000 

140. 70E060 

703.530301 

.£50 


. £5 0 


C6 

CK 

1 . 000 

140.70E060 

703.530301 

.£50 


.£5 0 


C7 

CK 

1 . 000 

H0.70E060 

703. 530301 

.£50 


.£5 0 


C8 

CK 

1. 000 

140.70E060 

703.530301 

.£50 


. £5 0 


C9 

CK 

1 . 000 

140.70E060 

703.530301 

.£50 


.£5 0 


CIO 

CK 

1. 000 

140.70E060 

703.530301 

.£50 


.£5 0 


Cl 1 

CK 

1 . 000 

140.70E060 

703. 530301 

.£50 


.£5 0 


CIE 

CK 

1 . 000 

140.70E060 

703.530301 

. £50 


. £5 0 


C13 

CK 

1 . 00 0 

140. 70E060 

7 03 . 53 03 0 1 

.£50 


. £5 0 


Cl 

FET 

1.00 0 

14E.ES1 087 

£84£. 0E1734 

l.£50 

.>*s 

.£5 0 

.A A 

OE 

FET 

1. 000 

1 4£ . £8 1 087 

£84£. 0E1734 

l.£50 

A.'*. 

. c!5 0 

A A 

Q3 

FET 

1.00 0 

14E.E81087 

£84£. 0E1734 

l.£50 


.£5 0 

A. A 

Q4 

FET 

1. 000 

14E.E81087 

£84£. 0E17 34 

l.£50 

A A 

.£5 0 

A A 

Q5 

FET 

1 . 000 

14E. E81 087 

£84?. 0E1734 

l.£50 

A .A 

. £5 0 

.A .A 

06 

FET 

1. 000 

14E.E81087 

£84£. 0E1734 

l.£50 

.A, 

. £5 0 

A A 

07 

FET 

1. 00 0 

14E.E81087 

£84£. 0E1734 

l.£50 

•A A 

. 25 0 

.A A 

OS 

FET 

1. 000 

14E.E81 087 

£84£. 0E1734 

l.£50 

A A 

. £5 0 

A A 

09 

FET 

1. 000 

14E.E81087 

£84£. 0E1734 

l.£50 

A A 

. £5 0 

A A 

0 1 0 

FET 

1. 000 

14E.E81087 

£84£. 0E1734 

i.£50 

A A 

. £5 0 

.A .A 

C'll 

FET 

1 . 0 0 0 

14E.E81 087 

£84£. 0E1734 

1.E50 

y. A 

. £5 0 

A A 

0 1 E 

FET 

1 . 0 0 0 

14E. E81 087 

£84E . 0£ 1 7 34 

l.£50 

.A, ,A, 

. £5 0 

.A 

01 3 

FET 

1.00 0 

1 4c! . c!y 1 Oy 7 

£84£. 0E1734 

l.£50 

A A 

. £5 0 

A A 

014 

FET 

1 . 00 0 

14E.E81087 

yy4c’. Uc!l7y4 

l.£50 

A 

. £5 0 

.A A 

015 

FET 

1 . 00 0 

1 4E . E8 1 087 

c"r’4 c! . Cc’ 1 r' 34 

1 .£50 

A .A 

. £5 0 

.A .A 

016 

FET 

1 . 0 0 0 

14E.E81087 

£84£. 0E1734 

l.£50 

A. A 

. £5 0 

•A .A 

017 

OSP 

1 . 00 0 

63.7E7051 

636 . 8£ 05 08 

1 .£50 

A .A 

. £5 0 

.A A 

R1 

IC 

1 . 0 0 0 

4.985484 

37. 39 IE 06 

1.5£0 


1 . 5£ 0 

.A A 

HE 

IC 

1. 000 

6.6h73E5 

49.854941 

1.5£0 

•A A 

1 . 5£ 0 
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TABLE G-3. MULTICHANNEL WIRELESS DATA TRANSMITTER MTBF 9 (continued) 

MODULE « 3 DYNRMIC STRRIN TRRNSMITTER 

CIRCUIT 


REF 

PRPT 


FRILURES/MILLIDM HRS 





1 

DESIG 

CODE 

QURNTITY 

UPPER QURL 

LDWER QURL 

DERRTING 

STRESS 

1 

R1 

PN5UC 

1. 000 

. 078304 

.326268 

.250 


.250 


* 

P2 

RN50C 

1.000 

. 078304 

. 326268 

.250 


.250 



R3 

PC 05 

1. 000 

1. 075205 

2,718013 

.250 


.250 


P4 

RN50C 

1. 000 

. 078304 

.326268 

.250 


.250 



R5 

RN50C 

1. 000 

. 078304 

326263 

.250 


.250 



P6 

RC05 

1. 000 

1. 075205 

2.713013 

.250 


.250 



PS 

RM50C 

1. 000 

. 078304 

. 326268 

.250 


.250 



P? 

RC05 

1. 000 

1.075205 

2.713013 

.25 0 


.250 



PI 0 

RC05 

1. 000 

1.075205 

2.718013 

.250 


.250 



PI 1 

RN50C 

1.000 

. 078304 

. 326263 

.250 


. 25 0 



Pl£ 

RM50C 

1.000 

. 078304 

. 326268 

.250 


.250 



P13 

RN50C 

1. 000 

. 078304 

. 326268 

.250 


.250 



P14 

RN50C 

1.000 

. 078304 

. 326268 

.250 


.250 



Rl? 

RC05 

1. 000 

1.075205 

2.718013 

.25 0 


.250 


a 

PIS 

RC05 

1. 000 

1.075205 

2.718013 

.250 


.250 



P19 

RC 05 

1. 000 

1.075205 

2.718013 

.250 


. 25 0 



R20 

RM50C 

1. 000 

. 078304 

. 326268 

.250 


.250 



RSI 

RC05 

1. 000 

1. 075205 

2.718013 

.250 


. 250 



RSS 

RN50C 

1. 000 

. 078304 

. 326268 

.25 0 


.250 



RS3 

RN50C 

1. 000 

. 078304 

. 326268 

. 250 


.250 


* a 

RS5 

RC 05 

1. 000 

1. 075205 

2.718013 

. 23 0 


.25 0 



Cl 

CSP 

1. 000 

19. 011041 

190. 110409 

.25 0 


. 25 0 



C£ 

CSR 

1. 000 

19.011041 

190.11 0409 

.25 0 


.25 0 



C3 

CSR 

1. 000 

19. 011041 

190. 1 1 04 09 

.250 


. 25 0 



C4 

CSR 

1 . 0 0 0 

19. 01 1 041 

190. 110409 

. 25 0 


.25 0 



C5 

CSR 

1 . 0 0 0 

19. 011041 

190. 110409 

.250 


.25 0 


• 

CG 

CK 

1. 000 

140.702060 

703.530301 

. 25 0 


.25 0 



C7 

CSR 

1. 00 0 

19. 011041 

190. 1 10409 

. 25 0 


. 25 0 



CS 

CK 

1. 000 

140.702060 

703.530301 

.250 


. 25 0 



C9 

CSR 

1.000 

19. 011041 

19 0. 1 1 04 09 

.250 


. 25 0 



C 1 0 

CSR 

1 . 000 

19. 011041 

190. 1 1 0409 

.250 


. 25 0 



C 1 1 

CK 

1 . 00 0 

140.702060 

703.530301 

. 25 0 


.25 0 


•• 

C 1 s 

CK 

1 . 000 

14 0. 70206 0 

703.530301 

. 25 0 


. 25 0 



Cl 3 

CSP 

1. 000 

19. 01 1 041 

190.11 0409 

. 25 0 


. 25 0 



Cl 5 

CSP 

1 . 00 0 

19. 011041 

190.11 0409 

. 25 0 


. 250 



CIG 

CK 

1. 000 

140.702060 

703.530301 

.250 


. 25 0 



Q1 

QSP 

1. 000 

63.727051 

636.820508 

1.250 


. 250 



D1 

CPS 

1 . 00 0 

1 1.667125 

69.852753 

1 . 25 0 


. 250 



D£ 

CRS 

1 . 0 IJ 0 

1 1.667125 

69.852753 

1 . 25 0 


. 25 0 



ri3 

ZEM 

1.000 

17.310698 

172.566981 

1 . 25 0 

y-.y-. 

. 25 0 

ys-A. 


D4 

VRR 

1. 000 

351.466631 

1752.833403 

1.250 


. 25 0 



Rl 

IC 

1. 000 

99.709382 

747.8241 16 

1.520 

y\y*. 

i . 520 

A. 


RS 

IC 

1. 000 

149.564823 

1 121.736175 

1 . 52 0 

y\ y\ 

1 . 52 0 

A./S 


R3 

IC 

1. 00 0 

149.564323 

1 121.736175 

1.520 

y^y*. 

1.520 

/\y-. 


R4 

IC 

1 . 000 

14.956432 

112. 173617 

1 . 52 0 

✓n/s 

1.52 0 

✓ .A. 


MS 

IC 

1. 00 0 

48. 1931 1 0 

361.448323 

1.520 


1.520 

A 
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FABLE G-3. MULTICHANNEL WIRELESS DATA TRANSMITTER MTBF 0 17«=”C (continued) 


' < EQUIPMENT FflILUPE TABLE >>> 


- EQUIPMENT NAME 

MULTICHANNEL WIRELESS BATA TRANSMITTER 

- ENVIRONMENTAL SERVICE CONDITION 


MODULE NAME 

STATIC S"^'AIN MODULATOR 
THERMOCOUPLE SCANNER 
DYNAMIC STRAIN TRANSMITTER 

TOTAL 


AIRI'’ NE ON INHABITED 


QUANTITY 


FAILURE MILLION HRS 
QUALITY GRADE 
<UQG> ';lqg> 

19.39.27795 13243.04451 

4191.73309 55339.43845 

1322.03501 11313.97772 


3003.07903 35223.51038 


<<Y EQUIPMENT MTBF 


UQG - 


125 HRS LQG - 


12 HRS 



< ■ FRILURE 

RATE DISTRIBUTION ) 

> ’> > 


•RANKED ORDER. UQG> 


PART 


FAILURE 

PERCENT 

CODE 

QUANT I TY 

RATE 

CONTRIBUTION 

CK 

25. 000 

3517.55150 

43.952 

FET 

1 9 . 0 0 0 

2703. 34035 

33.779 •; 

IC 

12.0 0 0 

329. 25385 

10.332 *. 

CSP 

21.0 0 0 

399.23133 

4.933 •; 

VAR 

1 . 0 0 0 

351 . 43333 

4.392 

QSP 

2. 000 

127.45410 

1.593 % 

PC 05 

30. 000 

32.25313 

.403 \ 

CPS 

2. 000 

23.33425 

.292 

ZEN 

1 . 0 0 0 

17. 31070 

.213 \ 

PN5 or 

24. 000 

1 . 37930 

f|I»0 •. 

TOTAL 

137. 000 

3003. 07903 

1 00. 000 • . 



APPENDIX H 


THEORY OF OPERATION OF TRANSMIHEP AND 
RECEIVER SIGNAL CONDITIONING CIRCUITRY 

Theory of Operation; Thermocouple Scanner 

The thermocouple scanner (see Figure H-1) module provides six 
channels of temperature measurement. The scanner sequentially selects six 
thermocouple output voltages, a zero reference, a calibration signal, a 
module's internal temperature signal and a sync signal for transmission. 

The module's internal temperature information is used to derive the 
cold junction condensation. The output of the scanner is amplified by an 
AC amplifier and transmitted by the phase-lock transmitter. 

Both the positive and negative thermocouple leads are switched by 
the scanner, thereby providing isolation between the channels. Each 
channel is scanned once every 2 milliseconds which provides a response 
bandwidth of 25 Hz, as required. 

Theory of Operation: Temperature Demultiplexer 

The temperature demultiplexer is shown in Figure H-2. A sync 
decoder decodes the sync signal and maintains the operation of the 
demultiolexer in the same sequence as that of the transmitted signal. 

The demodulated module temperature is added to the demodulated 
thermocouple signals for cold junction compensation. Self-calibration is 
also accomplished by comparing the demodulated calibration signal to a 
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Figure H-1. Thenrocouple scanner block diagram. 
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reference voltage and feeding back the error signal to vary the analog 
gain. This self-calibration feature greatly reduces gain errors over the 
full range of environmental conditions. 

Theory of Operation: Static Strain Modulator 

The outputs of the strain gage bridge (see Figure H-3) are sampled 
alternately by two MOS switches. The differential output signal from the 
bridge is then converted to 3.125 kHz square waves whose amplitudes 
correspond to the magnitude of the strain signal. These square waves are 
amplified and applied to the input of a VCO in a similar manner as in the 
dynamic strain transmitter. 

The sampling switches are driven by signals derived from dividing 
down the 200 kHz induced power frequency. A test frequency twice that of 
the sampling frequency was also derived from the same source. 

The test signal is injected into the signal processing path and is 
recovered and utilized in the receiver to calibrate the gain of the system. 
Theory of Operation: Static Strain Demodulator 

The composite static strain signal from the receiver is further 
processed by the static strain demodulator module (see Figure H-4). The 
demodulator module consists of a phase-lock loop, a test signal 
demodulator and a static strain demodulator. 

The phase-lock loop generates two sampling signals whose outputs 
are in quadrature with each other. When the sampling frequency is equal 
to the test signal frequency, and exactly 90 degrees out of phase the 
phase-lock loop is in lock. To speed up locking and increase the capture 
range of the phase-lock loop. A frequency comparator is used to limit the 
frequency deviation of the VCO to within 2 Hz of the expected frequency. 
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Figure H-3. Static strain modulator block diagram. 


Strain 

Input 



Strain Signal Output 

Demodulator 


Fijjre H-4. Static strain demodulator block diagram. 
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When the PLL is in lock, the 6 kHz test signal is demodulated by 
the in-phase sampler whose output is amplified and compared with a 
reference. The comparator produces an output which controls the gain of 
the input amplifier to maintain a constant system gain. 

In this manner the gain of the system is standardized even if the 
gain of the transmitter varies with temperature. The bridge sensitivity 
is also automatically corrected should its excitation voltage vary due to 
temperature. This is because the amplitude of the 6kHz test signal (in 
the transmitter) is proportional to the bridge excitation voltage. 

The test signal sampling frequency is divided again by 2 to drive 
the static train demodulator. The demodulated strain signal is then 
amplified and filtered by a 500 Hz bandwidth lowpass filter.. Then its 
absolute value is taken and passed on as the static strain signal is 
output. 

Theory of Operation; Dynamic Strain Module 

Referring to the block diagram of Figure H-5, AC power is picked up 
by the induction coil and applied to the power transformer. Diodes Dl, 
and 02 full-wave rectify the input AC signal, and capacitor Cl, filters 
the AC ripple. The voltage regulator provides a stable +10 volt DC output 
to power the rest of the circuits. The gage bias is supplied by the 
regulated DC output through a precision resistor. 

A 40 kHz self-test signal is derived from the 200 kHz AC input. 

The 400 kHz signal from the full -wave rectifier is divided down by a 
decade counter to 40 kHz. The output of the decade counter feeds the 
input amplifier. When the input gage is connected this test signal will 
appear at the output of the transmitter. However, when the gage is open. 
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Figure H-5. Dynamic strain transmitter block diagram. 
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the input amplifier saturates and the test signal disappears. 

The gage signal is amplified by a two-stage cascaded amplifier 
whose gain range can be selected externally by connecting the "gain 
jumper" terminal to common. The second stage amplifier also acts as a 
frequency deviation limiter. If the input signal ever exceeds its normal 
range, usually due to a fault condition, the maximum frequency deviation 
of the transmitter will be limited by the second amplifier to prevent 
interference in the adjacent channels. 

The VCO is phase-locked to the 200 kHz AC input and since all 
transmitters operating in the same system are locked onto the same 
frequency, channel spacing will be maintained throughout the full 
operating temperature range. 

The output of the VCO drives the buffer amplifier which in turn 
drives the antenna. 
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APPENDIX I 


TESTS ON CAPACITIVE ATJTENNA 


Figure I-l shows a closeup of two capacitive antennas which were 
fabricated and tested. The antennas were machined from standard copper- 
clad glass-epoxy laminated P.C. board stock. Both antennas have a number 
of conducting tracks. In operation alternate tracks are grounded to serve 
as guards (or shields) and reduce crosstalks between the adjacent active 
tracks. Note that in the figure, the configuration at the left has narrow 
active tracks and wide guard tracks while the configuration on the right 
has equal widths for all tracks. 

The most critical performance parameter for this antenna is crosstalk. 
Crosstalk increases with spacing between the transmitting and receiving 
antennas. The following is a summary of measured antenna crosstalk: 


Spacing Between 
Transmitting and 
Receiving Antennas 

Crosstalk 

Antenna "A" 
Narrow Active Tracks, 
Wide Guard Tracks 

Antenna "B" 
All Tracks 
Equal Width 

0.030" 

>-40db 

-38db 

0.060" 

-33db 

-27db 

0.120" 

-21db 

-13db 
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APPENDIX J 


ENVIRONMENTAL TEST ON HYBRID TANTALUM CAPACITORS 


High Temperature and High G Engineering 

Tantalum capacitors were selected for high temperature study. 
Because of their low strength and large bulk relative to the other 
components. The initial test comprised eight sample capacitors mounted on 
four substrates. The electrical properties and mechanical dimensions were 
recorded at room temperature. Epoxy was used to fill the voids between 
the capacitor body and the substrate to ensure good mechanical support for 
the capacitors. The substrates with these capacitors v/ere then installed 
in a heated centrifuge rotor and spun at 40000 g' and +175°C. Two 
separate groups were tested. Results of the tests are shown in the 
following table. 

These results are very encouraging. Only one of the sixteen 
samples would be considered as failing (Unit No. 8 increased its leakage 
by about 40 times). 

It is likely that a high temperature bake or burn-in can be 
employed to prescreen the capacitors and further reduce the failure rate. 
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APPENDIX K 
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Acurex 
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Number 

27271 
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28011 

28016 
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E25518 


ADDITIONAL DRAWINGS 


Appendix contains the following drawings. 


Title 

Block Diagram, 11-22 Frequency Synthesiser 

Dynamic Strain Receiver, Block Diagram 

Static Strain Demodulator, Schematic 

Dynamic Strain Receiver, Schematic 

Stationary System Wiring 

Dynamic Strain Transmitter, Schematic 

Tracking Phase-Locked Loop Receiver, Schematic (Sheet 

Tracking Phase-Locked Loop Receiver, Schematic (Sheet 

Frequency Comb Spectrum Generator, Schematic 

Dynamic Strain Transmitter Housing NASA 

Dynamic Strain Transmitter Lid 












3 


i 


1 



OVEeeiDE INPUT 


MODE. 

SELECT^ 

6ATB 


L Rr 

'output 


-2.75-5.5////H 


7 UNE 
BIN ART 
INPUT 

■ HIGH 2 INTERNAL ' 
PUU.-UPjALL 7BIT5 . 


J~ ^oop”! 

I PI LITER. I 


\~VCO NETWORK 
I fl~2Z MHZ 



EOLDOUT PP/JMP \ 


DEVIATION 

INPUT 


list of materials 


/N ACUREX 
Corporal 



' Corporation 

44^ CLTCH AVt WD-JNTAIN ViEW. CA *4040 


BLOCK DIAGRAM. 
-22MHZ FREQUENCY 
SYNTHESIZER 


CODE JCNT NO DRAWING NO 

50726 27271 


APPLICATION 


SCALE 


SHEET / 0 


































PIRST 


R.P. SECTION 


l.F. SECTION 


BANDfVkSS VARIABLE 

FILTER <^IN 

I5±5MHZ AmIPUFIER 


FIRST 

MIXER 


BANDPASS 
I.F. FILTER 

AMPLIFIER laTl.lMHl. 


I.F. 

amplifier 


bandpass 

filter 

lait.i MHZ 


1 r 


SI 

» 





PACi BLAN*<^ 


tlOT IrlLMED 


ftTOOUT f RAMfc 

















1 


P.M. DETECTOR 


5S UDWPASS 

I SECOND PILTER ANALOG PULSE GENERATOR 

IHZ MIXER L8MHZ COMPARATOR (I MICRO* SECOND) 



OUTPUT 
(SO KHZ TEST 
SIGNAL REMOVED') 

r^TrOUT I'^ME ^ 


4 


















N£XT ASSY 

QTY 

USCO ON 

QTY 


APPLICATION 



1 

1 1 

•02 1 -01 

■Jg* 1 PANT NO. 1 OCaCnPTION 

OTY. REOO. 

LIST OF MATERIALS 

PRR OT»«ll«n« 

OMTltTI-ll ARK m MCMS 

OtOMAU AMOUS 

JR JDOt 

« jta • Its • ^ric 

MAO< COR— MK TO til R OR Cp4AM 

drawn 

DATf 

/^^REX 

on 

. mountain view, ca sko«o 

CHECKED 


AC' Corpofati 

ASS Clyde avc 

ENGINEER-. , 


DYNAMIC STRAIN RECElVf 
BLOCK DIAGRAM 

ALL ^ lURtACCt TO M ^ 

APPROVED 1 


om AMO TOC At*VV MEORf tm TRCAT 

RELEASED 


00 NOT tCALf ORAwnHO 





SIZE iCOOC IDCNT NO 

D| 50726 

DRAWING NO. 

27273 

FINISH 


|SCAU |WT 1 SHEET * < 


A 


3 


2 ll63 1 
































cooe loesT no. 

OftAWiNO HO. 1 

50726 

2801 1 1 
































































8 


5 


© 





e RECEIVER MODULES, 
\Z RECEIVERS / MODULE 




PRECED8\U5 FAvic bLAi^K NOT FILMQ> 




\\1 VAC 
POWER 
IMPUT 


STATIOWARV 

WIPIU6 ^ 


200 KHZ CLOCK 

!(7Sa,00AX) autumn a 
® IMPUT 

\U ^ \I7 

® ? data , 

INPUTS 




IMDUCTiOl 

POWER 

AMPLIFIEI 


200 KHZ I 
(TSaCOAX) 


+5V0 C 


75VDC,4A j 
POWER I 
SUPPLV I 


AMTESiVlA 

lUPUTS 

(•?sa coax) 


ClRrU\T PR PA 


L TWO-WAV 
POWER SPLITTERS 


-CIRCUIT breaker ANJD 7SVDC VOLTAGE CONTROL C 
PRCKT pamel. 












4 


i 


Goce 

JNput 


Jt/rrtper 


CoA3^mc>/i 

/// levc/ 

I*7pui 


B 


eOOKHZ 

/^pui / 6 T/ 3 Z 



S' 


a 




'^y> 0 ‘ — 


f^R^CEDING >AGE Bl ANK NOT RLAIcb 


FOLOOUT f RA^f 


















NEXT ASSY 

OTY 

USED ON 

CTY 


APPLIC AT JON 


CTY. REC 


UNUSS OlHERWlSe 
OfMeNSiONS ARC H 
FRACTION OeCiMALS 
M 

*01 »oc 


MACH COR— OOS 10 0<9 
(H MAIl— OMCAK CDCL! 


ALL ^ SURfACCS 10 BC 


DIM AND 10L APPIY M 1C 


DO NOT bCAU [r> 


MAHRIAL 


FINISH 












2 


ESIJQCQI 


REVISIONS 


OCSCniPTlON 


DATE APPRa.EO 




QTY. REDO. 


UNU&9 01HERWISC SnOfllD 
OtMINSIONS ARC IN INCHCS 
mACnON OCCIMALS ANOLCS 

M .XXX 

•\U *01 *W 


MArH COA^OOS TO 015 R OR CHAM 
$M MAU — 9RCAK COOLS 005 MAX R 


AU ^ SURFACCS TO 8 C y/ 


DIM AND TOl APPLY PCrORC TIN TREAT 


DO NOT SCALE (iUAWiNC* 



xHj 


Op^'tono/ 

Projirafn/ftirf^ 


! / 


ye/: OOTP»T 








phloOUT fRAftsti 


\^c 




/ooo^f 



7h2fis'//>//h2c 

/-he/sin^ 


PAHT NO. I MAVUfACTUREH 


LIST OF V A7ERIALS 


DESCRIPTION 



/A ACUREX 


Corporation 

48' CLYDE AVE . MOUNTAIN VIEW. CA 94W0 


jr>:vAM/c sr/^A/N transmitter 


Si~£ fCOOE lOENT NO. DRAWING NO. 

C 150726 .Jl'isOM? 



PLICATION 


SHCCT OF 


































W793C ^ 

D'FFtiteMTiAl. 
VIOtO AMP ^ 



V6. C**L. 

balanced 

MODULAtoH.* 

AiS 



INT CIRCUIT 

TV PE. 

VCC 

Al, A2,Afc 

SN74S7‘*N 

14 

A3,A7, A9 

SN7-4Si;>I»J 

lb 

aa, as 

3N 74 SOON 

14 

AlO 

5W7-«Si32M 

14 

AB 

SN74SI&0N 

l(. 


PRECEDING PAGE BLANK J40T 


6.25 km? 
HEFERENCE. 
CLOCK INPUT 


TO *>UCET 
3 OF 3 
iC AS- Pin It 


POLDOUT fRAMT 


MOTES'- 

1. POINTS < < L PUllCO uP 
TO *SV VIA lOOO OHKIS 

2. ovERscoRer' resistors 

ARE I OR 6E.TTE.R. 

3. Resistance is in ohms 
A. C.2I-CIZ2 ' POifcfet. 

S C.R3-CRA» KViSOI 


•M LP 2 



Pi 

D Q 

U i 1 

d'^q 

CK Al 

; n 

CK Al 



a 

^ 


Cl 


NONLINEAR FREQUENCY DETECTOR 

(fo) 


-RIGINAL PAGE rc 
OF POOR quality 


5 


























































FREQUENCY AND 
PHASE DETECTOR 



FOLDOUT FRA^' 


PRECEDING PAGE BLANK NOT FILMED 








3 


2 


1 


1 NEVISIONS 

llONC 

LTW 

KSCmFTlON 

1 

A 

n 


1 1 



(n^2)C0UNTER 

/■ '' \ 



MIXER 


ONE SHOT 


LP4 


'^OLDOf/T ^9/1,...- 


















NC)rT ASSY 

OTY 

usro ON 

OTY 


OTY. RCOO. 


MANUTACTURCR 


OCSdUTTlON 


LIST OF MATCMIALS 


UMUU OTt«ll«n»f srfOfiCO 

e—IlQi lS AHf w i<o«t 

OCCMUIS Jf 

ja m 

»#» *mn • -w 


AU y : 


0^ A«fpt*^t K»(MC »••• T»’AT 


00 MO* sc*u etvkMM« 


O^M*N .. . 

DATE 

CHCCKCn 


FNCINTCR 


APPROVED 







^ACUREX 


Corr^tion 

4SS CLVPE AVg MOUNTAIN VlCW. CA Q4QA3 


TRf\CV;\KG ’f^HftSt-LOCwEC LOOP RECE 
SC H6 nATlC 


Sl2t 

COC'F IDCKT NO 

DRAINING NO. 

D 

50726 



AFPLICATION 


SCAlF 


SHCCT 2 < 











8 


6 


I 


Ho-o 


Al ' ? cei 1 

* i^— ' 

carrier 2 

PHASE DETECTOR 


-ic: A3 


I RIO 

I R6 < 4-’00 

^70> ,,, 


1- -AAAr 
Cl 


♦± C« 


AUDIO 
INPUT 2 



_ ^ 

D Q * 

A3 


a 

< 

'Y , — .'i 



— « 'VW 1 "WV 

J_ C2 > Rife 

1 


CARRIER 1 
PHASE DETECTOR 


C4 -J- 

2V 

V 


AUDIO 
INPUT 1 


CARRIER 2 
VCC 


CRIj 

I — Ik] — 


u y 3 

o-i^h ^ *>73 . 



AS 

1 r 


7 ' »o| 

1— ♦ -1 

7 

^ At.' 



> »• 


carrier 1 

vco 


CK7 

-IKI— 


Vi ^ 

I 

J A6 

~ ~ ~k ~ 1 3 ~ ~i Lr^ ” 

T Ri 

V \ 32 


© -J-32 COUNTER 


0.1KHE KEF 
B CLOCK IMPUT 



6.75 Ml REF 
CLOCK Output 


0 ^ Q J- 


llvT CIRCUIT 

Al. A3. AV.Aii, 
A2 

A 5. * 7 a; 5 All 
A /. A * 


! -ryPE. 

'/Cl 

1 743 74 >4 

■A 


|4 

\ VK"c'ii;n 

' i 


lA 

i ! » . V. « ^ : V 

14 



CK 

Alfe 6 

<•>- 


i5.4 MM I 
CARRIER 1 


ClOj/ I5 -! ‘‘H? 

j5-p^ CAKJ »R. l 

^ V Si;P = -.C.3.i>IOM 


■T 2 COUNTER 

(£>~ 


MOTCS: 

1. PO'f.TS A ^ 0 Pui-LEO uP 

~C ♦3.' /'A tore 

2. REOiE’i'A'ICfc IE- »i 0 -1^0 

CP.I ■ CR4 t rOAf «r.' 

4 CR r -RR > KViAOl 


15.4 MHZ 
CARRIER. 2 fe 



■^77 NETWORK 


FOLcyyuT 


PRECEDIMG PAGE BLANK NOT 

















































e fik.cs 


fJ07£S i 

1. /NTSePes T D€j\ W/AJ6 P£e. M/L -STD- /OC 

2. ALL SHfieP £DC>£% ,OlO MAY 
££MOY£ ALL SUZA.% 

~E| MATES./ A L 1 17-4 PP C.EES ^ P900 COND 

^ AMCU/AJEP SUSPACES 70 BP . 

5. P/MS TO BE i/Z HARD BZR^LIUM , SOLD 
PLATED 


















^.OOl 



PRECEDIf«j PAGE BLANK NOT FiLMED 

ORIGiNAL PAGE IS 
OF POOP 

FOLDOUTFRAMF 1 




REVISIONS 


ZONE 

L1R 

DESCRIPTION 

DATE 

APPROVED 







/^,OOl 


h— /9 &A.C0418) 




KJOT^Si 


/. 


2. 

5. 


INT£^e.Pe^ DP^W!N6 P£E M/L-STP-/OOS 
ae^’AK /iLL Sl^A^P £P6£5 .0/0 MAX ^ 
EB/^OVB ALL Buees 

MAT^Z/AL : /7-4 PU ce£3 ^ U ^ OO CO^JO 
NACJJiNEP SUEPAC.BS TO B£ . 

FINB GRIT BLAST TL/ IS SURFACE 


/ — . 03 1. oo2 O/A rJeu 
C‘BOB£ .0 2S a/A 

X.QSS D££P 


or' 


'"otooyr 


USED ON 


OTY 


PLICATION 


^RAkie ^ 


-1 


QTY. HEOO. 


ITEM 

NO. 


CODE IDENT NO 


PART NO. 


MANUFACTURER 


DESCRIPTION 


list of MATERIALS 


UNLESS OTHERWISE SPECIFIED 
DIMENSIONS ARE IN INCHES 
PNACnON DECIMAU ANGLES 

XX .XXX 

*144 *.01 *.OOA *0°J0' 


MACH COR— OOS TO 01S R OR CHAM 
SH MATL— «REAK EDGES OOS MAX R 


AU ^ surfaces to be y/ 


DIM AND TOL APPLY BEFORE FIN TREAT. 


DO NOT SCALE DRAWING 


MATERIAL 




FINISH 



Iffl! 

CHECKED t 

1^1 

ENGINEER 


APPROVED 







4 - 


^ ACUREX. 


X ' Corporation 

A85 CLYDE AVE., MOUNTAIN VIEW. CA 94040 


DYNAMIC STRAIN 
TRANSMITTER LID 


SIZE 

c 


CODE IDENT NO. 

50726 


SCALE 


WT 


DRAWING NO. 

E255I8 


REV. 


SHEET OF 























REFERENCES 


1. Ranter, P. F.: Modulation, Noise and Spectral Analysis. McGraw-Hill, 

New York, 1965. 

2. Corrington, M. S.: Frequency Modulation Distortion Caused by Common 

— and Adjacent — Channel Interference. RCA Review, Vol. 7, pp. 

522 - 560, December, 1946. 

3. Carlson, A. B.: Communication Systems, McGraw-Hill, New York, 1975. 




r 


r 


r 




PRECEDING PAGE BIANK NOT FILMED 


183 



